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ABSTRACT
P re s s u re s  In  b in s  a re  s t i l l  r e l a t iv e l y  u n k n o w n , p a r t i c u l a r l y  
a t  e m p ty in g ,  T o m e a su re  p r e s s u r e s  a tw o -d im e n s io n a l m odel 
o f  a s h a l lo w  b ln  w as  c o n s tr u c te d  in  w h ic h  n o rm a l a n d  s h e a r  
s tre s s e s  ca n  be m e a s u re d . T w o  s h a p e s  o f  b in  w ere  te s te d ,_ 
one w i t h  s t r a ig h t  In cE fu ed  s id e s  a n d  one w i th  v e r t i c a l  a n d  
a n d  in c l in e d  s id e s .  F iv e  s e ts  o f  r e a d in g s  w e re  ta k e n  w i th  
a d a ta  lo g g e r  f o r  e a ch  s h a p e . T h e  r e s u lt s  w e re  v e r y  r e p e a ta b le  
o n  f i l l i n g  a n d  e m p ty in g .  T e s ts  w e re  co n d u c te d  to  d e te c t 
th e  s w i tc h  p r e s s u r e .  No s w itc h  w a s  fo u n d ,  in s te a d  a sm oo th  
t r a n s i t i o n  fro m  f i l l i n g  to  e m p ty in g  p -e s s u re s  w a s  fo u n d .
S e v e ra l th e o r ie s  b o th  f o r  f i l l i n g ,  a n d  e m p ty in g  w e re  u se d  
to  c a lc u la te  p re s s u re s  th a t  w e re  c o m p a re d  w i th  th e  e x p e r i ­
m e n ta l r e s u lt s .  T he se in c lu d e d  th e  u se  o f s t r a ig h t  l in e  f r a m e ­
w o rk  m o d e ls ,  B o o th 's  p i l e  t h e o r y ,  W a lk e r 's  th e o ry  a n d  th e  
r a d ia l  "s t re s s  f i e l d .  Some r e a s o n a b ly  good f i t s  w e re  o b ta in e d .  
R eco m m e n d a tio n s  a re  m ad e  f o r  f u r t h e r  e x p e r im e n ts  a n d  fo r  
p re s s u r e  c a lc u la t io n s  u s in g  c o m p u te rs .
ACKNOWLEDGEMENTS
I w is h  to  th a n k  M r F B T h o m p s o n , fo rm e r ly  o f  D o rm an  
L o n g  fo r  m y i n i t i a l  In te r e s t  In  th e  p ro b le m . T h a n k s  a ls o  
to  P ro fe s s o r  A  R Kemp a n d  P ro fe s s o r  G E B l ig h t  f o r  t h e i r  







L IS T  OF FIGURES VI11
L IS T  OF TAfcK.ES XV
L IS T  OF SYMBOLS XVJ
CHAPTER ONE
\ . INTRODUCTION 1-1
1.1 P re a m b le  t - f
1 .2  B e h a v io u r  o f  m a te r ia l  In  b in s  1 -2
1 .3  S u rv e y  o f p a s t  w o r k  t - 8
CHAPTER TWO
2 . EXPER IM EN TAL W O R K-M A TE R IAL 2-1
AND C A L IBR ATIO N S
2.1  S a n d  a n d  i t s  p r o p e r t ie s  2-1
2 .2  D e te rm in a t io n  o f  s a n d  p r o p e r t ie s  2-1
2.3 " T r ia x la l  te s t f o r  s a n d - s te e l f r i c t i o n  a n g le  2 -2
2 .4  D e te rm in a t io n  o f  s a n d  d e n s ity  2 -3
2 .5  B in  a p p a r a tu s  2 -3
2 .6  C a l ib r a t io n  f o r  s h e a r  2 -5
2 .7  C a l ib r a t io n  f o r  n o rm a l p re s s u re  2 -6
2 .8  C a l ib r a t io n  o f lo a d  2 -9
2 .9  S u m m a ry 2-11
CHAPTER THREE
3.1 T e s t p ro c e d u re  3_5
3 .2  T e s ts  on b in  o f  s h a p e  1 3_ ;
3 .3  A t te m p t to  d e te c t s w itc h  p re s s u re  In  b ln  o f  3 -6
s h a p e  1
3 .4  T e s ts  on b ln  o f  s h a p e  2 3 -5
3 .5  A tte m p t to  d e te c t s w itc h  p re s s u re  in  b ln  o f  3 -1 0
sh a p e  2
3 .6  Sum m ary 3_1 j
I "
CHAPTER FOUR
4 . THEOR ETIC AL PRESSURE D ISTR IB U TIO N S 4-1
B IN  1
4 .1 M e th o d s  fo r  a n a ly s in g  p re s s u re s  4-1 ,
4 .2  G e om etry  fo r  f i l l i n g  4-1
4 .3  F i l l i n g  p re s s u re s  -  b ln  1
4 .3 .1  F t ,  A c U v e  s ta le  p r e s s u r e  4 -2
4 . 3 .2  F 2 . E q u i l ib r iu m  o f  fo rc e s  -  l in e a r  4 -3
d i s t r i b u t io n  o f  ° w
4 . 3 .3  F 3 . E q u i l ib r iu m  o f fo rc e s  -  4 -5
p a r a b o l ic  d i s t r i b u t io n  o f °w
4 .3 .4  F 4 . W a lk e r  th e o ry  f o r  f i l l i n g  4 -7
4 . 3 .5  F 5 . B o o th 's  p i l e  th e o ry  4 -8
4 . 3 .6  F6 . B o o th 's  a d ju s te d  p i l e  th e o ry  W 1
4 . 3 .7  F 7 . F ra m e w o rk  th e o ry  4 -1 3
4 .4  G e om etry  f o r  e m p ty in g  4 -1 6
4 .5  E m p ty in g  p re s s u re s  -  b in  1
4 .5 .1  E l .  W a lk e r 's  th e o ry  f o r  e m p ty in g  4 -1 7
4 . 5 . 2  E 2 . R a d ia l s t r e s s  f i e l d  w i t h  l in e a r  c u t - o f f  4 -2 0
4 . 5 .3  E 3 . R a d ia l s t r e s s  f i e ld  w i t h  c u rv e d  c u t - o f f  4 -24
4 . 5 .4  E 4 . F ra m e w o rk  w i t h  Oi h o r iz o n ta l  4 -2 6
4 . 5 .5  F ra m e w o rk  w i t h  a , I n c l in e d  a t  30° 4 -2 6
to  th e  h o r iz o n ta l
CHAPTER F IV E
5 . THEORETICAL PRESSURE D ISTR IB U TIO N S
B IN  2
5.1  M e th o d s  fo r  a n a ly s in g  p re s s u re s
5 .2  G e om etry  fo r  f i l l i n g
5 .3  F i l l i n g  p re s s u re s  -  b ln  2
5 .3 .1  F I .  A c t iv e  s ta te  p re s s u re
5 . 3 .2  F 2 . E q u i l ib r iu m  o f  fo rc e s
5 . 3 .3 .  F 3 . W a lk e r  th e o ry  f o r  f i l l i n g
5 .3 .4  F 4 . B o o th ’ s a d ju s te d  p i l e  th e o ry
5-1




5 .3 .5  F 5 . F ra m e w o rk  th e o ry
5 .4  G e om etry  f o r  e m p ty in g
5 .5  E m p ty in g  p r e s s u r e s  -  b ln  2
5 .5 .1  E l .  W a lk e r 's  th e o ry
5 .5 .2  E2. R a d ia l  s t r e s s  f i e l d  w i th  c u r v e d  c u t -
5 .5 .3  E 3 . F ra m e w o rk  w i t h  o, h o r iz o n ta l
5 .5 .4  E 4 . F ra m e w o rk  w i t h  o, In c l in e d  a t  30°
to  th e  h o r iz o n ta l
5 .5 .5  E5. C o m b in e d  f ra m e w o rk  no .1
5 .5 .6  EG. C o.'Tnined fra m e w o rk  n o ,2
5 .5 .7  E 7 . Comts. n e d  f ra m e w o rk  n n .3












6 COMPARISON OF THEORIES W ITH EXPERIM ENT
6.1 G ra p h s 6-1
6 .2 B ln  s h a p e  1 6-1
6 . 2 . ) T a b le s
6 . 2 .2 F i l l i n g  c a s e s  -  b ln  1
6 .2 .3 E m p ty in g  c a s e s  -  b ln  1 6 -3
6 .3 B ln  s h a p e  2 6 -5
6 .3 .2 F i l l i n g  e a se s  -  b ln  2 6 -5
6 .3 .3 E m p ty in g  c a s e s  -  b ln  2 6 -6
6 .4 Sum m ery 6 -8
CHAPTER  SEVEN
7 DISCUSSIONS AND CONCLUSIONS
7.1 M e a su re m e n t o f  n o rm a l a n d  s h e a r  s t r e : - .6S 7-1
7 .2  S c a le  e f fe c t  7-1
7 .3  E f fe c t  on e n d  w a l ls  7 -2
7 .4  S w itc h  p re s s u r e  7 -2
7 .5  M ass f lo w  a n d  p ip in g  7 -3
7 .6  D y n a m ic  e f fe c ts  7 -3
7 .7  M e a su re d  p r e s s u r e s  a n d  th e o r ie s  7 -4
7 .8  A x ls y m m e tr le  a n d  s q u a re  b in s  7 -8
7 .9  F u r th e r  e x p e r im e n ts  7 -8
7 .9 .1  D is p la c e m e n t f ie ld s
7 .9 .2  D i f fe r e n t  s h a p e s
7 .9 .3  In te r n a l  p re s s u r e  c e l l
7 .9 .4  ' D i f fe r e n t  m a te r ia ls
7 .9 .5  B ig g e r  b in




7 .9 .7 D y n a m ic  e f fe c ts
7 .1 0 F u r th e r  m e th o d s o f  a n a ly s is I ' 7 -7
7 .1 0 .1 Lise o f  th e  c o m p u te r 7 -7
7 .1 0 .2 £11 c u r v e d  s l i p  l in e s 7 -7
7 .1 0 .3 L im i t  p la s t i c i t y a p p ro a c h 7 -9
7 .1 0 .4 M e th o d  o f c h a r a c te r is t ic s 7-10
7 .1 0 .5 F in i t e  e le m e n t mi3th o d 7-11
7.11 C o n c lu s io n s  A n d su m m a ry 7-12
PENDICES
A TESTS ON SAND \  A-1
B TEST 25 ; WATER■ PRESSURES B - l
C l TESTS ON B IN  1 i RAW DATA C-1
C2 TESTS ON B IN  1 : STRESSES C 2 -I
01 TESTS ON B IN  2 ; RAW DATA D-1
02 TESTS ON B IN  2 i STRESSES D2-1
E THE FACTOR D IN  W ALKER 'S THEORY E-1
F BO OTH'S P IL E  THEORY*81- F-1
G R A D IA L  STRESS F IE L D * 1' ' 1 G-1
H LEAST SQUARES F IT T IN G  PROGRAM ’ H-1
1 THE METHOD OF 
CHARACTERISTICS ( 1 6 H 1 7 } (18 ) (3 8 ) (39) 1-1
REFERENCES
VI11
L IS T  OF FIGURES
FIGURE;
1.1 C h a n g e  o f  s tre s s  s ta te  fro m  f i l l i n g  to  d is c h a r g e
1 .2  B e h a v io u r  o f  p c a te n a r y  b u n k e r
1 .3  B in  w i th  v e r t ic a l  a n d  in c l in e d  s id e s
1 .4  B ln  w i t h  f l a t  bo tto m
1 .5  One d e f in i t io n  o f a s h a l lo w  b ln
1 .6  Deep b in  o r  s i lo
1 .7  D ia m o n d  p ip e
1 .6  F lo w  cea ses  a t  a n g le  o f  re p o se
1 .9  B o o th 's  p i l e  th e o ry
1 .1 0  N a d a l 's  a n a ly s is  o f  a tr o u g h
1.11  R o g e r 's  a p p l ic a t io n  o f  J a n s s e n 's  th e o ry
1 .1 2  Z a k r e w s k l 's  e x p la n a t io n  o f  f lo w  p re s s u re s
1 .1 3  D is c h a rg e  w a l l  s tre s s e s  a c c o r d in g  to  Joh a n so n
1.14  H a r tm a n n 's  a n a ly s is  o f  r o u g h  c o n v e r g in g  c h a n n e ls
1 .5  W a lk e r  a n d  B la n c h a r d 's  te s ts
1 .16  J e n lk e  a n d  J o h a n s o n 's  f i l l i n g  a n d  e m p ty in g  p re s s u re s
1 , 1?  T he  s w itc h  p re s s u re
1.18  W a lk e r 's  n o rm a l s t r e s s  f o r  6 = 5 0 " ,  ow = 25° 
a n d  0 = 4 ”
1 .19  R e s u lts  sho w n  b y  B la l r - F ls h  a n d  B ra n s b y
1 .2 0  D is p la c e m e n t f i e ld s ,  d i r e c t io n s  o f  m a jo r  c o m p re s s iv e  
s t r a in  ( fro m  r e f . ( 3 3 ) K
1.21 P re s s u re s  In  a s i lo
2.1  T r la x la !  te s ts  on s a n d
2 .3  D e ta i ls  o f  s id e  p la te
2 .4  S t r a in  g a u g e  a r r a n g e m e n t  f o r  n o rm a l s tre & s
m ea surem en t
2 .5  S t r a in  g a u g e  a r ra n g e m e n t  fo r  s h e a r  m ea su re m e n t
2 .6  C e ll fo r  m e a s u r in g  b ln  lo a d
2 .7  D a ta  lo g g e r  a n d  le s t  a p p a r a tu s
2 .8  C a l ib r a t io n  fo r  s h e a r  a n d  c a l i b r a t io n  fo r
n o rm a l p re s s u re  w i t h  r u b b e r  ba g
2 .9  T e s t 25 . W a te r  p r t - s s u re  lo  c h e ck  c a l ib r a t io n
2 .1 0  T e s t 25 w i th  c a l i b r a t io n  fro m  te s t 25
IX
L IS T  OF FIGURES
FIGURE
3.1 B ln s h a p e s , d im e n s io n s  a n d  d a te  lo g g e r
Test 20 : F i l l i n g
3 .3 T es t 20 : E m p ty in g
3 .4 T es t 21 ; F i l l i n g
3 .5 21 ; E m p ty in g
3 .6 22 : F i l l i n g
3 .7 22 : E m p ty in g
3 .8 i F i l l i n g
3 .9 Tes t : E m p ty in g
3 .1 0 Test 24 : F i l l i n g
3.11 Test 24 : E m p ty in g
3 .1 2 Tea l 20 : F i l l i n g  a n d  e m p ty in g
3.13 T es t 21 : F i l l i n g  a n r  t y in g
3.14 T es t 22 i  F i l l i n g  a ?  . / t y in g
3 .1 5 Test 23 : F i l l i n g  1 e m p ty in g
3 .1 6 T es t 24 : F i l l i n g  a n d  e m p ty in g
3 .1 7 C o m p a r is o n s  o f te s ts  20 to  24 f i l l i n g
3 .1 8 C o m p a r is o n  . o f  te s ts  20 to  24 e m p ty in g
3 .1 9 Tea;, 26 : F i l l i n g
3 .2 0 Test Z > SwilCrh p re s s u re  d e te c t io n  (1 )
3.21 Test • S w itc h  p re s s u re  d e te c t io n  ( 2 )
3 .2 2 T es t 26 i S w itc h  p re s s u r e  d e te c t io n  (3 )
3.23 27 ( 1)
3.24 27 ( 2 )
3.25 28 ( 1 )
3 .2 6 28 ( 2 )
3.27 Test 29 ( 1 )
3 .2 8 Test 29 ( 2 )
30 ( 1 )
3.29 A 30 (2 )
3 .3 0 31 ( 1)
3.31 T es t 3 ! ( 2 )
3.32 Test 31 !3 )
3 .3 3 Test : F i l l i n g  a n d  e m p ty in g
3.34 Test 28 : F i l l i n g  a n d  e m p ty in g
3.35 Test 29 : F i l l i n g  a n d  e m p ty in g
LIST OF FIGURES
FIG U R E:
3 .3 6  T e s t 30 : F i l l i n g  a n d  e m p ty in g
3 .3 7  T e s t 31 t F i l l i n g  a n d  e m p ty in g
3 .3 8  T e s ts  27 to  31 t C o m p a r is o n  o f f i l l i n g  p re s s u re s
3 .3 9  T e s ts  27 to  31 : C o m p a r is o n  o f e m p ty in g  p re s s u re s
4.1  D tm en s fon a  f o r  a n a ly s is
4 .2  A c t iv e  s ta te  p re s s u re
4 .3  F 2  : E q u i l ib r iu m  o f fo rc e s  w i t h  l in e a r  d i s t r i b u t i o n
of 5,
4 .4  F 3 : E q u i l ib r iu m  o f fo rc e s  w i t h  p a r a b o l ic  d is t r i b u t io n  
° '  °w
4 .5  F4 : W a lk e r 's  th e o ry  f o r  f i l l i n g
4 .6  F5 : C o -o rd in a te s  f o r  B o o th 's  p i l e  th e o ry
•4.7 B ln  tW ih fn  a p i l e  o f  s a n d
4 .8  D e te rm in a t io n  o f  w a l l  s tre s s e s
4 .9  W e ll s tre s s e s  : a d ju s te d  p i l e  th e o ry
4 .1 0  , S t re s s e s  a s s o c ia te d  w i t h  s l i p  l in e s
4.11 C o n s tr u c t io n  o f s u b s t i tu te  f ra m e w o rk
4 .1 2  F7 : F ra m e w o rk  fo r  f i l l i n g
4 .1 3  E l : W a lk e r 's  th e o ry  f o r  e m p ty in g
4 .1 4  N o ta t io n  fo r  Jen I k e 's  g r a p h s  f o r  r a d ia l  s tre s s
f ie ld
4 .1 5  N o rm a l s tre s s  In  th e  r a d f a t  s tre s s  f fe td  fro m
Jen Ik e  fo r  5= 30*
4 .1 6  N o rm a l s tre s s  In  th e  r a d ia l  s tre s s  f i e ld  fro m
J e n lk e  f o r  6 e 40°
4 .1 7  E2 : R a d ia l s tre s s  f i e ld  w i t h  l in e a r  cu* o f f
4 .1 6  C u rv e  f o r  c u t - o f f
4 .1 9  E3 : R a d ia l s tre s s  f i e l d  w i t h  c u r v e d  c u t - o f f
4 .2 0  E4 i F ra m e w o rk  w i th  o, h o r iz o n ta l
4 .21 E5 : F ra m e w o rk  w i th  o, h o r iz o n ta l  a t 30® to  the




5.1 d im e n s io n s  fo r  a n a ly s is
5 .2 F I : A c t iv e  s ta te  p re s s u r e
5 .3 C o u lo m b 's  a c t iv e  e a r th  p re s s u re
5 .4 F2 : E q u i l ib r iu m  o f  fo rc e s
5 .5 F3 : W a lk e r 's  th e o ry  f o r  f i l l i n g
5 .6 F4 : B o o th 's  a d ju s te d  p i l e  th e o ry
5 .7 F5 : F ra m e w o rk  f o r  f i l l i n g
5 .8 S i : W a lk e r 's  th e o ry  f o r  e r r p ty ln g
5 .9 E2 : R a d ia l  s t r e s s  f i e l d
5 .1 0 E3 : F ra m e w o rk  w i t h  o, h o r lz o n ta
5.11 E4 ; F ra m e w o rk  w i t h  o, a t 30° to
5 .1 2 ES ! C o m b in e d  f ra m e w o rk  n o . 1
3 .1 3 E6 t C o m b in e d  f ra m e w o rk  n o .2
5.14 F7 ; C o m b in e d  f r a m e w o rk  n o .3
6.1 B ln  I f i l l i n g  F I : A c l lv e  s ta te  p re s s u re
6 .2  3 pn  1 f i l l i n g  E2 : E q u i l ib r iu m  o f  fo rc e s  -
l in e a r  d is t r i b u t io n s
6 .3  B ln  1 f i l l i n g  F3 : E q u i l i b r iu m  o f  fo rce s  -
p a r a b o l ic  d is t r i b u t io n s
6 .4  B ln  1 f i l l i n g  F4 : W a lk e r :s  th e o ry  f o r  f i l l i n g
6 .5  B ln  I f i l l i n g  F5 : B o o th 's  p i l e  th e o ry
6 .6  B ln  1 f i l l i n g  F6 : B o o th 's  a d ju s te d  p i le  th e o ry
6 .7  B ln  1 f i l l i n g  F7 s F ra m e w o rk  th e o ry
6 .8  B ln  1 f i l l i n g  F8 : F i t t e d  c u r v e  ( fo u r th  o r d e r
p o iy n o m ln e l)
6 .9  B ln  1 e m p ty in g  E l t W a lk e r 's  th e o ry
6 .1 0  B in  I e m p ty in g  E2 : R a d ia l s tre s s  f i e ld  w i th
l in e a r  c u t - o f f
6.11 B ln  1 e m p ty in g  E3 : R a d ia l s tre s s  f i e ld  w ith
c u rv e d  c u t - o f f
6 .1 2  B in  1 e m p ty in g  E4 : F ra m e w o rk  w i th  c, h o r iz o n ta l
6 .1 3  B ln  1 e m p ty in g  E5 i F ra m e w o rk  w i th  0 l I n c lin e d
a t 30° to  th e  h o r iz o n ta l
6 .1 4  B in  1 e m p ty in g  E6 : F i t te d  c u r v e  ( fo u r th  o r d e r






B in  2 f i n i n g  FI 
B in  2 f i l l i n g  F3 
B in  2 f i  11 in g  F3 
B in  2 f i l l i n g  F4 
B in  2 f i l l i n g  F5 
B in  2 f i l l i n g  F6 
p o fy n o m in a l)
B in  2 e m p ty in g  E l : 
B in  2 e m p ty in g  E2 : 
c u rv e d  c u t - o f f  
B in  2 e m p ty in g  E3 : 
B in  2 e m p ty in g  E4 
to  th e  h o r iz o n ta l
A c t iv e  s ta te  p r e s s u r e
E q u i l ib r iu m  o f fo rc e s
W a lk e r 's  th e o ry
B o o th 's  a d ju s te d  p i l e  th e o ry
F ra m e w o rk  th e o ry
f i t t e d  c u rv e s  ( f o u r t h  o rd e r
W a lk e r :s  th e o ry  
R a d ia l s t r e s s  f i e
F ra m e w o rk  w i t h  
: F ra m e w o rk  w
3i  h o r iz o n ta l 
th  cr, a t  30°
6 .2 6 B in 2  e m p ty in g . E5 :; C om b in ed  fr a m e w o rk  n o . 1
B in 2 e m p ty in g E6 : C o m b in e d  fra m e w o rk  n o . 2
B in e m p ty in g E7 i: C o m b in e d  fr a m e w o rk  n o .3
B in e m p ty in g E8 ;: P s e u d o - r a d ia l  s t r e s s  f i e ld
B in e m p ty in g E9 : F i t te d  c u r v e s  ( fo u r l ih  o rd e r
p o ly n o m in a ls )
B in  2 C o m p a r is o n  o f f i l l i n g  a n d  e m p ty in g  c u rv e s  
P r a c t ic a l  B in
In te r n a l  p re s s u re  c e l l  
F ra m e w o rk  -  c u r v e d  s l ip  11 
C u rv e d  s l i p  I i
L im i t  p la s t i c i t y  a p p ro a c h  fro m  r e f.
P a t te rn  o f c h a r a c te r is t ic s  a n d  a  i scon 11 
e m p ty in g  h o p p e r 
f o r  = 10 °, 6 ”  3 0 ° , *w = 2 5 ° ,  fro m  r e f .  
P a t te rn  o f w a l l  s tre s s  f o r  8^ = 4 0 ° ,  6= 30° 
» = 2 0 ° fro m  r e f .
; -  r e d u c in g  s p a c in g  dow n 
. (24 )
i t h  w a l l  s tre s s e s  p lo t te d  a lo n g s id e  
(39)
In te r n a l  f r i c t i o n  a n g le  
C a lc u la t io n  o f 6 
W a ll f r i c t io n -  
W a ll f r i c t i o n  a n g le  a
L IS T  OF FIGURES
A5 M b h r 's  c i r c le  f o r  w a l l  f r i c t i o n
A6 S h e a rb o x  te s t f o r  s a n d - s te e l a n d  s a n d - g la s s  f r i c t i o n
A7 S h e a rb o x  te s ts  to  m e a s u re  w a l l  f r i c t i o n  a n g le s
E l W a lk e r 's  th e o ry
F1 B o o th 's  p i l e  th e o ry
F2 S tre sse s  f o r  $ = 3G*
G1 C o - o r d in a te  sys te m
G2 M b h r 's  c i r c le  a t  f a i l u r e
G3 In c re m e n ts  o f 6 .
G4 F in d in g  th e  ro o t
M S tre sse s
12 M b h r 's  c i r c le  a t  f a i l u r e
13 S o lv in g  th e  s l i p  l in e  f i e ld
14 S tre s s e s  a t  a d is c o n t in u i t y
4  '  '  - '  . . - s .
C a l ib r a t io n  o f s h e a r  c i r c u i t s
T he e f fe c t  o f  lo a d in g  o th e r  s p a n s  on
th e  r e a d in g  fro m  s p a n  2
C a l ib r a t io n  f o r  n o rm a l p re s s u r e  u s in g  w a te r  
on p la te s  a t  lo w e s t b in  p o s it io n  
C a l ib r a t io n  fo r  n o rm a l p re s s u re  u s in g  te s t 
25 ( w a te r  p re s s u re )
C a l ib r a t io n  o f lo a d  c e l ls  w i t h  b r id g e  v o l ta g e  
= 2 ,735
R a tio s  o f  m e a s u re d  w e ig h t  to  sum m ed w e ig h t  
f o r  te s ts  20 to  24
S u m m a ry  o f  d e n s i t ie s  f o r  te s ts  20 to  24 ( k g /m 2 ) 
A v e ra g e  w a l l  f r i c t i o n  a n g le s  fo r  te s ts  
20 to  24 (d e g re e s )
R a tio s  o f  m e a su re d  w e ig h t  to  sum m ed w e ig h t  
fo r  te s ts  27 to  31
S u m m a ry o f d e n s i t ie s  f o r  te s ts  27 to  31 ( k g /m 2 ) 
A v e ra g e  w a l l  f r i c t i o n  a n g le s  fo r  te s ts  27 to  
31 (d e g re e s )
V a lu e s  f o r  b in  1 to  b e  use d  In  a n a ly s is  o f  f i l l i n g  
F3 : P re s s u re s  
B o o th 's  p i l e  th e o ry  
F7 : F ra m e w o rk
V s 'l i .e j  f o r  b ln  I to  be  u se d  In  a n a ly s is  o f  e m p ty in g  
W a lk e r 's  th e o ry
R a d ia l s tre s s  f i e l d  w i t h  c u rv e d  c u t - o f f  
E4 i F ra m e w o rk  m od e l w i th  o, h o r iz o n ta l 
E5 : F ra m e w o rk  m od e l w i th  o. I n c lin e d  a t  30° 




5.1 S u r fa c e  h e ig h ts  f o r  f i l l i n g  (mm)
5 .2  B o o th 's  p i l e  th e o ry
5 .3  F5 : F ra m e w o rk  fo r  f i l l i n g
5 .4  S u rfa c e  h e ig h ts  fo r  e m p ty in g  {mm)
5 .5  E l : W a lk e r 's  th e o ry
5 .6  R a d ia l  s t r e s s  f i e ld  w i th  c u r v e d  c u t - o f f
5 .7  E3 : F ra m e w o rk  w i t h  c i h o r iz o n ta l
5 .8  F ra m e w o rk  m od e ls  fo r  e m p ty in g
6.1 B ln  1 f i l l i n g  : M e a su re d  n o rm a l p re s s u re s  (P a )
6 .2  D in  1 f i l l i n g  p re s s u re s  a c c o r d in g  to  seve n
th e o r ie s  a n d  f i t t e d  c u rv e
6 .3  B in  1 e m p ty in g  : M e a su re d  n o rm a l p re s s u re s  (P a )
6 .4  B in  ! e m p ty in g  p re s s u re s  a c c o r d in g  to  f i v e
th e o r ie s  a n d  f i t t e d  c u rv e s  \
6 .5  B ln  2 f i l l i n g  : M e a su re d  n o r rrW  1 ”e<s (P a )
6 .6  B in  2 f i l l i n g  p re s s u re s  a c c o r d in g
th e o r ie s  a n d  f i t t e d  c u rv e s
6 .7  B ln  2 e m p ty in g  : M e a s u re d  n o rm a l p re s s u re s  (P a )
6 .8  ' B in  2 e m p ty in g  p re s s u re s  a c c o r d in g  to
e ig h t  th e o r ie s  a n d  f i t t e d  c u r v e
6 .9  O rd e r  o f  f i t  fo r  th e o r ie s
AT P r o p e r t ie s  o f sa n d
A2 R e a d in g s  a n d  v a lu e s  o f  O i-  i n te r n a l  f r i c t i o n  a n g le
A3 C a lc u la t io n  o f in te r n a l  f r i c t i o n  a n g le
A4 R e a d in g s  a n d  v a lu e s  o f  Oi -  w a l l  f r i c t i o n  a n g le
A5 S h e a r  b o x  te s t r e s u lt s  f o r  s a n d -s te e l f r i c t i o n
a n g le .  P la te  s a n d e d  p a r a l l e l  to  th e  d i r e c t io n  
o f s h e a r in g .
A6 S h e a r  b o x  te s t r e s u lt s  fo r  s a n d - s te e l f r i c t i o n
a n g le .  P la te  s a n d e d  n o rm a l to  th e  d i r e c t io n  o f 
s h e a r in g
A7 S h e a r  b o x  le s t r e s u lt s  fo r  s a n d - g la s s  f r i c t i o n  a n g le
E l V a lu e s  o f p a ra m e te rs  fo r  w h ic h  D = 1
F I S t re s s  d is t r ib u t io n s  f o r  <j> = 30°
Gt V a lu e s  o f  /
f
LIST OF SYMBOLS
A s lo p e  o f g r a p h  k g / y v
a re a  u n d e r  c u r v e  
B s lo p e  o f g r a p h  p v / k g
w id th  o f b ln  
C B D /ta n a  -  W a lk e r
D W a lk e r 's  fa c to r  r e la t in g  v e r t ic a l  s tre s s  a t  w a l l  to
a v e ra g e  v e r t ic a l  s tre s s  
ABCDEF C o n s ta n ts  In  B o o th 's  p i l e  '  eo ry
c o n s ta n ts  In  y = A+B x  C x1 + O x5 + E x *
E l e m p ty in g  th e o ry  I
F I f i l l i n g  th e o ry  1
H h o r iz o n ta l  fo rc e
L , s td e  le n g th
N n o rm a l fo rc e
Pt  fo rc e  on  v e r t ic a l  w a l l
P2 fo rc e  on  s lo p in g  w e l l
R h y d r a u l ic  r a d iu s
r e s u lt a n t  fo rc e  on  s id e  w a l l  
R? r e s id u a l
S sum  o f  s q u a re s  o f  e r r o r s
T s h e a r  fo rc e  on w a l l
V a v e ra g e  v e r t ic a l  s t r e s s  -  W a lk e r
Vw v e r t ic a l  s tre s s  a t  w a l l
Vg s u r c h a r g e  -  W a lk e r
W 1 w e ig h t  o f s a n d  m oss c o n s id e re d  
a c o n s ta n t in  y  » a x 11
a , b  c o n s ta n ts  In  p  » a + b x 2
b w id th  o f  ba se  o f p i le
f  f u n c t io n  o f 6 In  r a d ia l  s tre s s  f ie ld
g  d is ta n c e  to  c e n tr o id
h h e ig h t  fro m  a p e x
h e ig h t  to  s u r fa c e  
h o r iz o n ta l  p re s s u r e  -  Booth
k  r a t i o  o f  h o r iz o n ta l  to  v e r t ic a l  p re s s u re
k A a c t iv e  e a r th  p r e s s u r e  c o e f f ic ie n t
k  c o e f f ic ie n t  o f e a r th  p re s s u r e  a t  re s t
L IS T  OF SYMBOLS
c o n s ta n t in  y = a x  
v e r t ic a l  p re s s u re  -  Booth  
n o rm a l w a l l  p re s s u re  
n o rm a l p re s s u re  a t to p  o f s lo p e
s h e a r  s tre s s  -  B ooth 
w e ig h t a t  node 
c o - o rd in a te s
a n g le  b e tw ee n  w a l l  a n d  v e r t ic a l  
i n c l in a t io n  or 9, to  n o rm a l to  th e  r a d iu
e f fe c t iv e  in te r n e !  s a n d  f r i c t i o n  a n g le  
s u r fa c e  s lo p e , a n g le  o f  re p o se  
a n g le  fro m  v e r t i c a l  to  r a d iu s  f ro m  o u t 
e a t  w a l l
1 + s in 1 *
in te r n a l  f r i c t i o n  a n g le
0  s tre s s
o *  ' ) s tre s s  n o rm a l to  w a l l
%  i
o r  s tre s s e s  in  p o la r  c o - o rd in a te s
Dl t c i m a jo r ,  m in o r  p r in c ip a l  s tre s s  
o x  v e r t ic a l  c o m p re s s iv e  s tre s s
o y  h o r iz o n ta l  c o m p re s s iv e  s tre s s
0 1 n o rm a l s tre s s  on w a l l
t  s h e a r  s tre s s
s h e a r  s tre s s  In  p o la r  c o - o rd in a te s  
t w  s h e a r  s tre s s  a t w a l l
*  In te r n a l  f r i c t i o n  a n g le  -  Booth
» w 1 w a ll  f r i c t i o n  a n g le
* ’ I
^ In c l in a t io n  o f o, to  r a d ia l  d i r e c t io n
a t w a ll
id In c l in a t io n  o f o, to  v e r t ic a l
p 45 -  5/2
 : :
LIST OF SYMBOLS
N ote : F o l lo w in g  Jen Ik e  5 h a s  been use d  fo r  th e  e f f e c t iv e  
a n g le  o f  in te r n a l  f r i c t i o n ,  e x c e p t In  A p p e n d ix  F , B o o th 's  
p i l e  th e o ry .
CHAPTER 1
INTRODUCTION
1.1 P re a m b le
B in s  f o r  s to r in g  p a r t ic u la t e  m a te r ia !  w h e th e r  g r a in ,  s u g a r ,  
c ru s h e d  s to n e , s a n d , c o a l o r  o th e r  s u b s ta n c e s  too  nu m e ro u s  
to  m e n t io n , a r e  a v i t a l  'p a r t  o f  In d u s t r y .  M a n y  fa i lu r e s  
h a v e  o c c u r re d  In  th e  p a s t  b e c a u s e  th e  b e h a v io u r  o f  th e  
m a te r ia l  a n d  th e  p re s s u re s  e x e r te d  b y  I t  on th e  b ln  h a v e  
n o t b e e n  e x a c t ly  k n o w n , e s p e c ia l ly  d u r in g  e m p ty in g .  T h e re ­
fo re  a lo t  o f  re s e a rc h  Is  b e in g  a p p l ie d  to  t h is  p ro b le m .,
C o n ta in e rs  f o r  s to r in g  p a r t i c u la t e  m a te r ia l  a re  v a r io u s ly  
■termed b i n s > b u n k e r s ,  h o p p e rs  o r  s i lo s .  te rm  s ^ °  o r i g i ­
n a l l y  m e a n t & p H  o f  a i r t i g h t  s t r u c t u r e  fo r  s to r in g  c ro p s  
in  a n d  to d a y  Is  use d  f o r  c o n ta in e r s  in  th e "  s h a p e  o f lo n g  
v e r t ic a l  c y l i n d e r s .  B ln  Is  a g e n e ra l te rm  b u t  is  use d  h e re  
to  r e fe r  to  s h a l lo w  c o n ta in e r s .
T h is  w o rk  d e a ls  w ith  th e  p re s s u re s  e x e r te d  b y  c o n ta in e d  
m a te r ia ls  o n  th e  w a l ls  o f  tw o -d im e n s io n a l b in s .  B y tw o -d im e n ­
s io n a l is  m e a n t th a t  c o n d i t io n s  In  a n y  p la n e  c ro s s -s e c t io n
th ro u g h  th e  b ln  a re  th e  sam e a n d  s t r a in  In  th e  t h ir d - d im e n ­
s io n  Is  z e ro . M ost th e o r ie s  th a t  a p p ly  io  th e  tw o -d im e n s io n a l 
ca se  c a n  b e  a p p l ie d  to  th e  a x l - s y m m e t r lc  c a s e , w h e re  c o n d it io n s  
do n o t v a r y  on r o ta t io n  a b o u t a n  a x is .
In  t h is  r e p o r t  te s ts  h a v e  been c a r r ie d  o u t  on  a m ode! w i th  
a m a x im um  d e p th  o f m a te r ia l ( s a n d )  o f  800m m . I t  Is  assum ed 
th a t  I f  th e  p a r t ic le s  a re  s m a ll e n o u g h  th e re  w i l l  be r o
a p p r e c ia b le  s c a le  e f fe c t  so th a t  th e se  r e s u lt s  w o u ld  a ls o  
a p p ly  to  a f u l l  s ize  b ln .  T h is  Is  s im i la r  to  s a y in g  th a t
th e  sam e th e o ry  w i l l  a p p ly  to  a m od e l a n d  f u l l  s iz e  r e ta in in g  
w a l l .  T h is  p o in t  Is  d is c u s s e d  f u r t h e r  In  th e  f i n a l  c h a p te r .
In  t h is  c h a p te r  th e  p ro b le m s  o f p re s s u re  a n d  f lo w  a re  
in t r o d u c e d ,  fr . i-s w e d  b y  a n  In t r o d u c t io n  to  th e  r e s t  o f 
th e  d is s e r ta t io n  ; n d  a b r i e f  c h r o n o lo g ic a l s u rv e y  o f th e  
l i t e r a t u r e .
1 .2  B e h a v io u r  o f  m a te r ia l  In  b in s
T he  p re s s u re s  on th e  w a l ls  o f  a b ln  s h o u ld  be  kn o w n
a s  a c c u r a te ly  as  p o s s ib le  w h e n  th e  s t r u c t u r e  Is  d e s ig n e d .
T h is  h a s  le d  to  m a n y  th e o r ie s  a n d  e x p e r im e n ts .  In  th e
p a s t a s h a l lo w  b ln  h a s  b e e n  t r e a te d  l i k e  a r e ta in in g
w a l l  s u p p o r t in g  b a c k f i l l  In  th e  a c t iv e  s ta te  L a te r  I t  w as
fo u n d  th a t  a c h a n g e  In  d i s t r i b u t io n  o f p re s s u re  , ta k e s  
p la c e  a s  d is c h a r g e  com m ences. T h is  Is  b e c a u s e  th e  co lu m n  
o f m a te r ia l  o v e r  th e  o p e n in g  Is  no  lo n g e r  s u p p o r te d  v e r t i c a l l y  
T he m a jo r  p r in c ip a l  s t r e s s  c h a n g e s  fro m  th e  v e r t i c a l  to  
th e  h o r iz o n ta l  d i r e c t io n  on  th e  c e n t r e l in e ,  F ig .  1 .1 .  T h is  
e f fe c t  s p re a d s  v e r y  r a p id l y  th ro u g h  th e  m ass In  th e  b in  
a s  d is c h a r g e  s ta r t s .
NormalPressure.
U )  F i l l i n g  (b )  D is c h a rg e
F ig u r e  1.1 C h a n g e  o f  s tre s s  s ta te  f ro m  f i l l i n g  to  d is c h a r g e
E v id e n c e  fo r  c h a n g e  In  th e  s tre s s  s ta le  b e tw ee n  f i l l i n g  
a n d  e m p ty in g  c a n  be seen In  th e  b e h a v io u r  o f  a su s p e n s io n  
o r  c a te n a r y  b u n k e r ,  F ig .  5 .2 .  A c a te n a r y  b u n k e r  h a s
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F fg u r e  1 .2  B e h a v io u r  o f  a  c a te n a r y  b u n k e r
F ig u r e  1 .3  B ln  w i th  v e r t ic a l  a n d  In c l in e d  s id e s
F ig u r e  1 .4  B [n  w i t h  f l a t  b o tto m
F ig u r e  1 .5  O ne d e f in i t i o n  .o f a  s h a l lo w  b in
[normal(pressure
F ig u r e  1 .6  Deep b ln  o r  s i lo
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f le x ib le  s id e s  w h ic h  ta k e  up  th e  sha p e  o f  th e  f u n ic u la r
p o ly g o n .
As d is c h a r g e  s ta r t s  th e  b o tto m  l i f t s  a n d  th e  s id e s  m ove
o u tw a r d ,  sh o w in g  a r e d is t r i b u t io n  in  p re s s u re .
T he d is t r i b u t io n  o f p re s s u r e  w i l l  a ls o  d e p e n d  on  th e  s h a p e  
o f th e  b u n k e r .  F ig .  1 .3  sh o w s  a b ln  w i t h  p a r t  o f  e a ch
s id e  v e r t ic a l  a n d  F ig .  1 .4 ,  a f l a t  bo tto m ed  b u n k e r .
The p re s s u re s  In  a deep b ln  o r  s i lo ,  F ig .  1 .6  w i l l  d i f f e r
fro m  th o se  In  a s h a l lo w  b ln .
A  s h a l lo w  b in  w i l l  h a v e  a d e p th  o f  u p  to  tw o  tim e s  I t s
w id th ,  w h i le  a de ep  b in  w i l l  h a v e  a  d e p th  th re e  o r  fo u r  
tim e s  i t s  w id th .  A  s h a l lo w  b in  Is  m ore a f fe c te d  b y  c o n d i t io n s
s t  th e  s u r fa c e  a n d  th e  o u t le t  th a n  a deep b in .  A s h a l lo w
b in  Is  som etim es d e f in e d  a s  one in  w h ic h  th e  " r u p t u r e  
p la n e "  in te r s e c ts  th e  s u r fa c e  ^ ^  , F ig -  ' - 5 .
F u n d a m e n ta l ly  th e re  is  no  d i f f e r e n c e  b e tw ee n  th e  b e h a v io u r  
o f  th e  m a te r ia l  In  a s h a l lo w  b in  a n d  in  a deep b in .
A n In te r e s t in g  ca se  o f a n a tu r a l  b ln  Is  a d ia m o n d  p ip e
m in e d  b y  b lo c k  c a v in g ,  F ig .  1 .7 .  I f  m a te r ia l  is  d r a w n
o f f  fro m  tu n n e l B th e  p r e s s u r e  on  a d ja c e n t  tu n n e ls  In c re a s e s  
to  s u c h  a n  e x te n l th a t  i t  c a n  c a u s e  them  to  f a i l  s t r u c t u r a l l y .
W ith  a m odel I t  Is  p o s s ib le  to  v a r y  th e  p re s s u r e  on  th e
b o tto m  a t w i l l  b y  c h a n g in g  th e  d r a w o f f  p o in t .  In  a b ln
th e  m a te r ia l on th e  s u r fa c e  d i r e c t ly  a b o ve  th e  d r a w o f f
p o fn t  m oves do w n  b e fo re  ih e  m a te r ia l  on th e  s id e s .  In  
th e  b lo c k  c a v in g  th is  fa c t  is  tro u b le s o m e , d r a w in g  o f f
u n w a n te d  o v e rb u rd e n .
A b ln  m ay  be  c o n s id e re d  f o r  a n a ly s is  a s  e i t h e r  tw o d im e n ­
s io n a l o r  a x ls y m m e lr ic .  In  a tw o d im e n s io n a l b ln  th e re
Is  no v a r ia t io n  In  c o n d i t io n s  n o rm a l to  a c r o s s -s e c t io n
o f th e  b ln .  T he m a te r ia l  In  th e  b ln  Is  in  a s ta te  o f p la n e  
s t r a in .  A n a x ls y m m e tr lc  b in  Is  fo rm e d  b y  r o ta t in g  a p la n e
c u ^ v e  a ro u n d  a n  a x is  in  th e  p la n e .  T h e  s tre s s e s  in  th e  
m a te r ia l  in  th e  b in  do  n o t v a r y  w i th  r o ta t io n  a ro u n d  
th e  a x is .  A s q u a re  c ro s s -s e c t io n  is  s im i la r  in  e f fe c t to  
a c i r c u l a r  c ro s s - s e c t io n .
draw-off; tunnels \
F ig u r e  1 .?  D iam ond P ip e
A s d is c h a r g e  s t a r t s  d o w n w a rd  m ove m e n t o f  th e  m a te r la i  in  th e  
b in  ta k e s  p la c e .  T h e  r e s u lt in g  p r e s s u r e s  a r e  som etim es c a l le d  
"d y n a m ic " .  T h is  is  c o r r e c t  in  te rm s  o f  th e  d e f in i t io n  o f
d y n a m ic s  ^  w h ic h  c a n  be  s ta te d  a s  " t h e  e f fe c t  o f  fo rc e  on
m o t io n " .  H o w e v e r, i t  c a n  b e  m is le a d in g  a s  th e  te rm  d y n a m ic s  
h a s  th e  im p l ic a t io n  o f  fo rc e s  d u e  to  a c c e le r a t io n .  In  m ost
case s  o f  d is c h a r g e  th e  m ovem ent w i l l  be  so s lo w  th a t  th e
a c c e le r a t io n  fo rc e s  a re  n e g l ig ib le .  T h e re  w i l l ,  h o w e v e r, be 
a c c e le r a t io n  fo rc e s  i f  a r c h in g  fo rm s  a v o id  fo llo w e d  b y  sud de n  
c o l la p s e . T h e re  m a y  a ls o  be p re s s u re s  d u e  to  tra p p e d  a i r  o r  
g a s  in  t h is  in s ta n c e .  T h e re fo re  i t  is  p e r h a p s  b e t te r  to  t a lk  o f 
f lo w  p re s s u re s  ^  o r  d is c h a r g e  p re s s u re s .
T h e re  a re  s im i la r i t i e s  b e tw e e n  th e  b e h a v io u r  o f s a n d  in  a 
c o n ta in e r  a n d  w a te r  w ith  im p o r ta n t  d i f f e r e n c e s .  W a te r  a s  a
l i q u id  c a n  h a v e  no  In te r n a l  f r i c t i o n  a t  r e s t  w h e re a s  s a n d  
c a n . T h e  s u r fa c e  o f  w a te r  a t  re s t is  th u s  h o r iz o n t a l , w h i le  
th e  s u r fa c e  o f s a n d  a t re s t m ay  be  a s  s te e p  a s  i t s  a n g le  o f
re p o s e . W hen w a te r  r u n s  o u t o f  an  o p e n in g  a t th e  bo ttom
o f a b in  i t  m ay  be d ir e c te d  u p w a rd s  b u t  s a n d  o n ly  f lo w s  
d o w n w a rd s  a n d  no m a tte r , how  de ep  th e  s a n d  in  th e  b in
is ,  f lo w  e ra s e s  w he n  i t  re a c h e s  th e  a n g le  o f re p o s e , F ig .  1 .8 .
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T he r a te  o f d is c h a r g e  o f w a te r  th ro u g h  an  o p e n in g  d e p e n d s  
on th e  s iz e  o f th e  o p e n in g  a n d  th e  h e a d , w h i le  th e  r a te  
o f d is c h a r g e  o f s a n d  Is  In d e p e n d e n t o f  h e a d  a n d  d e p e n d s  
o n ly  on  th e  c o n d it io n s  n e a r  th e  o u t le t  In  b o th  w a te r  a n d
s a n d  a s m a ll  e le m e n t o f  th e  c o n t in u u m  m u s t be  In  eq .u i l ib r iu m  
u n d e r  th e  s tre s s e s  a c t in g  on I t  a n d  c o n t in u i t y  m us t be  s a t is ­
f ie d .  S a n d  c o n s is ts  o f  i n d iv id u a l  g r a in s  w h ic h  m ay  b e  r e g a r d e d  
as  a lm o s t r i g i d  b o d ie s  p r e s s in g  a g a in s t  e a ch  o th e r  in  p o in t  
c o n ta c t .  I t  is  c o n v e n ie n t to  t r e a t  th e  c u m u la t iv e  e f fe c t  o f  
th e se  in te r a c t in g  c o n ta c ts  a s  th e  b e h a v io u r  o f a c o n tin u u m  
w ith  a c o n s t i tu t iv e  la w ,  th e  s im p le s t  o f  w h ic h  is  t h a t  o f 
M o h r-C o u lo m b  f r i c t i o n .  On a p la n e  o f  l im i t i n g  s l ip
ta n  $ = T n/ o n  1.?
w h e re  6 Is  th e  e f fe c t iv e  a n g le  o f In te r n a l  f r i c t i o n  a n d  is  
u s u a l ly  -g re a te r  th a n  th e  a n g le  o f  re p o s e  e . Wa-ter.-, is ,..,
a n  in c o m p re s s ib le  f l u i d ,  w h e re a s  u s u a l ly  in  a b in  s a n d  
m u s t d i l a t e  to  s h e a r  a n d  f lo w .
In  a b f n  f lo w  m a y  e i t h e r  o c c u r  th ro u g h o u t  th e  m a s s , te rm ed  
m ass f l o w ,  o r  in  a zon e  o f  l im i t e d  w id th  a b o v e  th e  o p e n in g ,  
te rm e d  p ip in g ,  r a th o l ln g  o f  p lu g  f lo w .  M ass f lo w  Is  d e s ira b le  
f o r  a c o m p le te  tu rn o v e r  o f  m a te r ia l  'n  th e  b in ,  b u t  o f te n  
n o t p o s s ib le  b e ca u se  a v e r y  s te e p  h o p p e r  s e c t io n  is  n e c e s s a ry .
T o l i m i t  f lo w  p re s s u re s  p lu g  f lo w  is  som etim es e n s u re d  b y  
a n  in s e r t  in  th e  b ln  ^  .
T h is  d is s e r t a t io n  c o n c e n tra te s  o n  a s h a l lo w  b in  o f tw o -d im e n ­
s io n a l  s h a p e  w i th  r i g i d  s id e s  w h ic h  a re  e i th e r  v e r t ic a l  
o r  s lo p in g .  T he m a te r ia l u s e d  In  th e  te s ts  w as a u n ifo r m  
s iz e  s a n d .  The th e o r ie s  u se d  to  p r e d ic t  f i l l i n g  a n d  d is c h a r g e  
p re s s u re s  h a v e  been r e s t r ic t e d  to  th e  s im p le s t a v a i la b le .  
C h a p te r  2 g iv e s  d e ta i ls  o f  te s ts  on  th e  s a n d  use d  a n d  th e  
c o n s t r u c t io n  a n d  fu n c t io n  o f th e  m o d e l.
C h a p te r  3 g iv e s  th e  r e s u lt s  o f  te s ts  on b in s  o f tw o  s h a p e s . 
C h a p te r  4 g iv e s  th e o r ie s  f o r  s h a p e  1 a n d  c h a p te r  5 g iv e s  
th e o r ie s  fo r  s h a p e  2 . In  c h a p te r  6 th e o re t ic a l  a n d  e x p e r im e n ­
ta l r e s u lt s  a re  co m p a re d . T h e  f i n a l  c h a p te r ,  7 , d is c u s s e s  
th e  r e s u lt s  a n d  g iv e s  c o n c lu s io n s  a n d  s u g g e s tio n s  fo r  f u r t h e r  
in v e s t ig a t io n .
j a n g le  o f repose
F ig u r e  1 .8  F lo w  cea ses  a t  a n g le  o f  re p o se  
1 .3  S u rv e y  o f  p a s t  w o rk
D e a lin g  w i th  s h a l lo w  b in s  K e tch um  s ta te s  th a t  " t h e
p ro b le m s  o f  th e  c a lc u la t io n  o f  th e  p re s s u re s  on  b ln  w a l ls  Is  
th e  sam e a s  th e  p ro b le m  o f  th e  c a lc u la t io n  o f  p re s s u re s  on
r e ta in in g  w a l l s " .  Deep b in s  a r e  c a lc u la te d  b y  J a n s s e n 's  ^
o r  A i r y ' s  ^  fo rm u la  w h ic h  g iv e  s im i la r  r e s u lt s .  K e tchum  
d e v o te s  a c h a p te r  to  e x p e r im e n ts  on d e e p  b in s .  He c o n c lu d e s  
th a t  th e  p re s s u re s  fro m  m o v in g  g r a in  a re  v e r y  s l i g h t l y  
g r e a te r  th a n  th e  p r e s s u r e  o f  g r a in  a t  r e s t  ( iO  p e r  c e n t
m a x im u m ). T he  p o in t s  a t  w h ic h  la te r a l  p re s s u re s  w e re  
m e a su re d  w ere  fe w .  O fte n  p re s s u re s  w e re  m e a s u re d  o n ly  a t  one 
p o in t  a n d  th a t  p o in t ,  w he n  i t s  lo c a t io n  w a s  g iv e n ,  w a s  n e a r  
th e  b o tto m  w h e re  th e r e  is  a d ro p  in  p re s s u re  a t  d is c h a r g e  
a n y w a y .  W hen a la r g e  In c re a s e  in  la te r a l  p r e s s u r e  w i th
d is c h a r g e  w as  m e a s u re d  i t  w a s  p u t  dow n to  a n  e c c e n t r ic  
o p e n in g . K e tchum  s ta te s  th a t  In  one te s t b y  B o ve y  s u d d e n
s to p p a g e  p ro d u c e d  n o  a p p r e c ia b le  e f fe c t .  T h is  s u p p o r ts  th e  
th e o ry  th a t  a c c e le r a t io n  fo rc e s  a re  n e g l ig ib le .
B o o th  ^  d e v e lo p e d  a n  In g e n io u s  th e o ry  f o r  th e  p re s s u re s  
w i t h in  a tw o d im e n s io n a l p i l e  o f g r a n u la r  m a te r ia l .  He 
v e r i f ie d  h is  th e o ry  w i t h  c a r e fu l  m e a su re m e n ts  on th e  b a s e  o f a 
p i l e .  He c o n te n d s  t h a t  th e  R a n k in e  a n d  w ed ge  th e o r ie s  o f
p re s s u r e  a re  d i f f i c u l t  to  a p p ly  in  some case s  o f b ln
p r e s s u r e s .  In  h is  m e th od  th e  b in  is  s u p e r im p o s e d  on th e  p i l e  
a s  sh o w n  b y  th e  d o tte d  l in e  In  F ig .  1..9. T he f r i c t i o n  on th e
s id e s  w i l l  p r o v id e  th e  m a jo r  d if f e r e n c e  f ro m  c o n d it io n s  in  a
F ig u r e  1 .9  B o o th 's  p i l e  th e o ry
p i l e ,  b u t  B o o th  c la im s  th a t  f o r  a  s h a l lo w  b in  t h is  is  o f 
m in o r  Im p o rta n c e . A s  h o r iz o n ta l  p r e s s u r e s  on th e  c e n tr e l in e  
o f  th e  p i l e  a re  th e  f ta n k fn e  a c t iv e  p r e s s u r e s ,  B o o th 's  a n a ly s is  
p r o v id e s  an  a p p r o x im a t io n  to  th e  f i l l i n g  c a s e . A s  he p o in ts  o u t, 
h is  a n a ly s is  r e s u lt s  In  e q u i l ib r iu m  b e in g  s a t is f ie d  In  a l l
r e s p e c ts .  In  B o o th 's  a n a ly s is ,  p r e s s u r e  In c re a s e s  In  d i r e c t  
p r o p o r t io n  to  th e  d is ta n c e  f ro m  th e  a p e x  o f th e  p i l e .  T h is  
m ay  be  th o u g h t o f  as  a ty p e  o f " r a d i a l  s tre s s  f i e ld "  to
be m e n tio n e d  la t e r .  An a n a ly s is  a p p e a r in g  in  th e  bo ok
b y  N a d a i ^  p ro d u c e s  s im i la r  r e s u lt s  to  B o o th 's  a n d  a ls o
r e s u lt s  fo r  th e  case  o f a t r o u g h  sh o w n  In  F i g . 1 .1 0 . An
a n a ly s is  o f a p i l e  b a s e d  on  a re p la c e m e n t f r a m e w o r k  
p ro d u c e s  r e s u lt s  g e n e r a l ly  In  a g re e m e n t w i th  B o o th 's  th e o ry .
B r id g e s  ^ ^  g iv e s  th e  R a n k in e  m e th o d  f o r  s h a l lo w  b in s  an d  
J a n s s e n 's  a n d  A i r y ' s  m e th o d  f o r  deep b in s .  An in te r e s t in g  
com m ent In  th e  d is c u s s io n  b y  S q u ir e  ^ ^  p o in ts  o u t th a t  the 
m e th od  m ay  r e s u lt  in  th e  c o e f f ic ie n t  o f  f r i c t i o n  on th e  w a i ls  
b e in g  e xce e d e d , In  w h ic h  c a s e  a n  a d ju s tm e n t is  re q u ir e d  
w h ic h  c o u ld  p r o d u c t  c o n s id e ra b le  in c re a s e  in  la te r a l  p r e s s u re . 
R o g e rs  a p p l ie s  C o u lo m b 's  th e o ry  (w e d g e  th e o ry )  to
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s h a llo w  b in s  w ith  o r  w i th o u t  w a l l  f r i c t i o n  a n d  J a n s s e n 's  
th e o ry  to  deep b in s .  He a ls o  a p p l ie s  J a n s s e n ’ s th e o ry  to  a 
s te e p ly  In c lin e d  h o p p e r  w i t h  In te r e s t in g  r e s u lt s ,  F ig .  1.11 
T h e  n o rm a l a n d  h o r iz o n t a l  p re s s u re s  re d u c e  to w a r d s  th e  
b o tto m . T h is  Is  a c h ie v e d  b y  u s in g  a d i f f e r e n t  h y d r a u l i c  
r a d iu s  a t e a ch  le v e l .  H is  a n a ly s is  is  th u s  l in k e d  to  W a lk e r 's
F ig u re  1 .1 0  N a d a l 's  a n a ly s is  o f  a tro u g h
B
F ig u re  1.11 R o g e r 's  a p p l ic a t io n  o f J a n s s e n 's  th e o ry
Z a k r e w s k i ^  ^  g iv e s  e m p ir ic a l  fa c to r s  f o r  In c re a s e  In 
la te r a l  p re s s u re s  d u r in g  f lo w ,  b a se d  on R u s s ia n  re s e a r c h  In 
1939. He e x p la in s  th e  In c re a s e  a s  th e  a c t io n  o f a w edge 
s h a p e d  c o re  m o v in g  d o w n w a rd s , F ig .  1 .1 2 .
* wedge
* action
F ig u r e  1 .1 2  Z a k r e w s k l 's  e x p la n a t io n  o f f lo w  p re s s u re s
J e n ik e 's  r e p o r t ,  G r a v i t y  F lo w  o f t i u l k  S o lid s ^ l 6 h s  a n  im p o r ta n t 
a d v a n c e  in  th e  f i e l d  o f  b ln  b e h a v io u r .  T h e re  is  v e r y  l i t t l e  
e x p e r im e n ta l w o rk  re p o r te d ,  b u t  a n  o r g a n iz e d  a t te m p t is  
m ade to  a p p ly  th e  m e th od s  o f  p l a s t i c i t y  to  th e  f lo w  c o n d i t io n .  
E q u a t io n s  f o r  s tre s s e s  a r e  d e v e lo p e d  a f t e r  S o k o lo v s k i 
In  a d d i t io n  th e  s t r e s s  f i e l d  Is  l in k e d  to  th e  v e lo c i t y  f i e l d .  
J e n lk e 's ^ 16  ^ m a jo r  a c h ie v e m e n t is  th e  d e f in i t io n  o f  th e  R a d ia l 
s t r e s s  . f i e l d ,  s im i la r  to  th o se  m e n tio n e d  a b o v e  ^ b u t  
c e n tre d  a t  th e  o u t le t .  T he  Im p o rta n c e  o f  th e  r a d ia l  Ijs tress 
f i e l d  is  th a t  i t  g o v e rn s  a t  th e  o u t le t  o f  a  c o n v e r g in g  c h a n n e l 
d u r in g  d is c h a r g e ,  re g a r d le s s  o f w h a t  h a p p e n s  a t  th e  s u r fa c e . 
Jen Ik e  c o n c e n tra te s  m ore o n  c o n d i t io n s  fo r  f lo w  Ih p n  on 
w a l l  p r e s s u r e s .  G ra p h s  p ro d u c e d  b y  co m p u te r  f o r  p re s s u re s  
In  r a d ia l  s t r e s s  f ie ld s  a re  g iv e n .  T he a n a ly s is  a l l o t s  fo r  
in te r n a l  f r i c t i o n ,  f r i c t i o n  on  th e  c h a n n e l w a l l  a n d  w a ll
08)
Joh an son  a n d  J e n lk e  e x te n d  th e  w o rk  o f  re fe re n c e  /
(1 6 ) .  T h e  m e th o d  o f c a lc u la t in g  th e  r a d ia l  s tre s s  t f i e ld '  
Is  e x p la in e d  In  d e ta i l  a n d  th e  m e th o d  o f  c h a r a c te r is t ic s  
Is  s e t o u t  f o r  th e  n u m e r ic a l c a lc u la t io n  o f s tre s s  a n d  v e lo c i ty  
f i e ld s .  D ia g ra m s  a r e  g iv e n  F ig .  1 .1 3 ,  s h o w in g  s tre s s  in  a 
c o n v e r g in g  c h a n n e l b u t w i th o u t  a n y  s c a le . T he se  r e s u lt s
f . r e  n o t co m p a re d  \V ith  te s ts ,  t h a  te s ts  re p o r te d  w e re  
o b s e r v a t io n s  o f f lo w  p a t t e r n s  th ro u g h  g la s s - w a lle d  tw o  
d im e n s io n a l b u n k e rs  a n d  o f  s e c t io n e d  a x is y m m e tr lc  c o n e s . 
A u s e fu l fe a tu r e  o f r e fe re n c e s  (1 6 )  a n d  (1 6 )  is  th a t  
th e  th e o ry  Is  d e v e lo p e d  b o th  f o r  p la n e  s t r a in  a n d  a x ia l  
s y m m e try .
y, 07*
F ig u r e  1 .1 3  D is c h a rg e  w a l l  s tre s s e s  a c c o rd in g  to  Joh a n so n
T u r f t z i n ^  s u m m a riz e s  th e  r e s u H s  o f  F re n c h  a n d  R u s s ia n  
te s ts  on s i lo s .  E m p ty in g  p r e s s u r e s  w e re  u p  to  2 ,4  t im e s
p re s s u re s  fro m  J a n s s e n ’ s th e o ry .  F i l l i n g  p re s s u re s  a g re e d  
r e a s o n a b ly  w i t h  J a n s s e n 's  th e o ry .  P re s s u re s  wei e fo u n d  
to  v a r y  a  lo t  w i th  lim e  d u r in g  e m p ty in g .
N a d a i ^ a d o p t s  a p la s t i c i t y  a p p ro a c h  to  th e  a n a ly s is  o f  " lo o s e  
a n d  g e n e r a l ly  p la s t ic  s u b s ta n c e s "  a n d  g iv e s  r e s u lt s  p ro d u c e d  
b y  H a rtm a n n  In  an  u n p u b l is h e d  d o c to ra l th e s is .  Tw o v 6 r y  
In te r e s t in g  d ia g ra m s  d u e  to  H a r tm a n n  a re  sh o w n  In  F ig .
1 .1 4  In d ic a t in g  th e  s l i p  l in e s  In  g r a n u la r  m a te r ia l  b e tw ee n  
r o u g h  c o n v e rg in g  w a i ls  th a t  m ove In  o r  o u t .  T h is  show s
th e  e q u iv a le n c e  o f f i l l i n g  to  o u tw a r d  m ovem ent o f  th e  w a l ls  
a n d  o f d is c h a r g e  to  th e  In w a r d  m ovem ent o f  th e  w a l ls .
T h e  G erm an code f o r  lo a d s  In  s i lo  b in s  ^   ^ d i f f e r e n t ia t e s
b e tw ee n  f i l l i n g  a n d  e m p ty in g  p re s s u re s . T h e  r a t i o  o f 
la te r a l  to  v e r t ic a l  p r e s s u r e  Is  to  be ta k e n  a s  0 ,5  fo r  
f i l l i n g  a n d  1 ,0  fo r  e m p ty in g .  T he l a t t e r  does n o t Im p ly
1-13
f l u i d  p re s s u r e ,  fo r  u n l ik e  a f l u i d  w a l l  f r i c t i o n  d e te rm in e s  the 
l im i t i n g  h o r iz o n ta l  p re s s u re  a t I n f i n i t e  d e p th .  T h e  d if fe r e n c e  
be tw e e n  e m p ty in g  a n d  f i l l i n g  h o r iz o n ta l  p re s s u re s  r e s u lt s  from  
th e  d e f in e d  w a l l  f r i c t i o n  a n g le s . T h is  r e s u lt s  in  a r a t i o  o f
1 ,2 8  fo r  g r a n u la r  m a te r ia ls  w i th  a n  in te r n a l  f r i c t i o n  a n g le  o f 
34° a n d  1 ,0  f o r  p o w d e ry  f i l l i n g  m a te r ia l ,  th e se  v a lu e s  a re  
le s s  th a n  th o se  re p o r te d  b y  T u r l t z ln  ^  .
In w a r d  w a l l  m ovem ent O u tw a rd  w a l l  m ovem ent
F ig u r e  1 .1 4  H a r tm a n n 's  a n a ly s is  o f  r o u g h  c o n v e r g in g  
c h a n n e ls
K v a p i l  o b s e rv e s  th e  f lo w  o f m a te r ia l  fro m  a a b ln  an d
d e f in e s  th e  m a in  a c t iv e  zon e  a s  a p p r o x im a te ly  a n  e l l ip s e .
L ig h t f o o t  m e a s u re s  p re s s u re s  In  a p o w e r  s ta t io n  coa l
b u n k e r  d u r in g  f i l l i n g  o n ly .  T he r e s u lt s  a r e  in  f a i r  a g re e m e n t 
w i th  th e  R a n k ln e  p re s s u re s .
W a lk e r  ^ ^  d e r iv e s  a th e o ry  fo r  f i l l i n g  o f a c o n ic a l h o p p e r 
o r  p la n e  h o p p e r  w i t h  s lo p in g  s id e s  b y  Ig n o r in g  s h e a r  on 
v e r t ic a l  p la n e s .  He d e te rm in e s  th e  h o r iz o n ta l  p re s s u r e  so th a t 
fo r  a t r i a n g u la r  e le m e n t a t  th e  w a l l  th e  c o r r e c t  w a l l  f r i c t i o n  
a n g le  Is  s a t is f ie d .  F o r  th e  d is c h a r g e  ca se  th e  v e r t ic a l  
e q u i l ib r iu m  o f a h o r iz o n ta l  s l ic e  is  c o n s id e re d .
f l u i d  p r e s s u r e ,  fo r  u n l ik e  a f l u i d  w a l l  f r i c t i o n  d e te rm in e s  th e  
l im i t i n g  h o r iz o n ta l  p re s s u re  a t i n f i n i t e  d e p th .  T h e  d if fe re n c e  
be tw ee n  e m p ty in g  a n d  f i l l i n g  h o r iz o n ta l  p re s s u re s  r e s u lt s  from  
th e  d e f in e d  w a l l  f r i c t i o n  a n g le s .  T h is  r e s u lt s  In  a r a t i o  o f
1 ,2 8  f o r  g r a n u la r  m a te r ia ls  w i th  a n  In te r n a l  f r i c t i o n  a n g le  o f 
34 " a n d  1 ,0  f o r  "p o w d e ry  f i l l i n g  m a te r ia l ,  th e s e  v a lu e s  a re  
le ss  th a n  th ose  r e p o r te d  b y  T u r l t z in  ^  .
. In w a r d  w a l l  m ovem ent O u tw a rd  w a i l  m ovem ent
F ig u r e  1 .1 4  H a r tm a n n 's  a n a ly s is  o f  ro u g h  c o n v e r g in g  
c h a n n e ls
K v a p il  o b s e rv e s  th e  f lo w  o f  m a te r ia l  fro m  a a b in  an d
d e f in e s  th e  m a in  a c t iv e  zone a s  a p p r o x im a te ly  a n  e l l ip s e .
L lg h t f o o t  m e a su re s  p re s s u re s  In a p o w e r  s ta t io n  coa l
b u n k e r  d u r in g  f i l l i n g  o n ly .  T h e  r e s u lt s  a r e  in  f a i r  a g re e m e n t 
w i th  th e  R a n k in e  p re s s u re s .
W a lk e r  d e r iv e s  a th e o ry  f o r  f i l l i n g  o f  a c o n ic a l h o p p e r
o r  p la n e  h o p p e r  w i th  s lo p in g  s id e s  b y  ig n o r in g  s h e a r  on
v e r t ic a l  p la n e s .  He d e te rm in e s  th e  h o r iz o n ta l  p re s s u r e  so th a t 
f o r  a t r i a n g u la r  e le m e n t a t  th e  w a l l  th e  c o r r e c t  w a i l  f r i c t i o n
a n g le  is  s a t is f ie d .  F o r  th e  d is c h a r g e  ca se  th e  v e r t ic a l
e q u i l ib r iu m  o f a h o r iz o n ta l  s l ic e  is  c o n s id e re d .
T h e  a n a ly s is  is  s im i la r  to  J a n s s e n 's  e x c e p t th a t  th e re
Is  a  c o n v e r g in g  c h a n n e l.  T he v a r ia t io n  In  v e r t ic a l  s tre s s  
o v e r  th e  e le m e n t Is  a l lo w e d  fo r  b y  a fa c to r  D w h e re  th e  
v e r t i c a l  s tre s s  a t  w a l l  = D x  a v e ra g e  v e r t ic a l  s tre s s  , D Is  
a p p ro x im a te d  a s  1 . T he w a l l  p re s s u r e  th u s  o b ta in e d
s a t is f ie s  th e  c o n d it io n  th a t  I t  m u s t be  z e ro  a t th e  to p
a n d  b o tto m . M a te r ia l In  a s u c t io n  w i th  v e r t i c a l  s id e s  
a b o v e  fh e  h o p p e r  Ss t r e a te d  a s  a  s u r c h a r g e .  He sh o w s  
te s t r e s u lt s  lh a t  a g re e  w e ll w i t h  h is  th e o ry  fo r  a s teep
s id e d  c o n e . T h e  s te e p e r th e  to n e  th e  m ore n e a r ly  c o n s ta n t
th e  fa c to r  0  w i l l  b e . He a ls o  c o n s id e rs  th e  c o n d it io n s  
u n d e r  w h ic h  a rc h e s  w o u ld  fo rm  to  p r e v e n t  f lo w .  A  s e r ie s  
o f  te s ts  on  p y r a m id a l  a n d  c o n ic a l h o p p e r s ^  w e re  use d  
to  co m p a re  w i th  W a lk e r 's  th e o ry .  H o p p e r h a l f  a n g le s
to  v e r t ic a l  o f  3®, 15* a n d  30° w e re  u s e d . T he m a te r ia l
w a s  f i n e  c o a l w i t h  a n  I n te r n a l  f r l c t l o r  a n g le  o f  41 * 
a n d  a w a f f  f r f e t f a n  a n g le  o f  16* on  s ta fn fe s s  steeZ . R ou gh  
w a l ls  w e re  a ls o  te s te d . A s e r ie s  o f d ia p h ra g m  e le c t r ic a l
t r a n s d u c e r s  w e re  use d  to  m e a s u re  n o rm a l p re s s u r e .  A
w a te r  f i l l e d  f o o tb a l l  b la d d e r  w a s  u se d  to  m e a s u re  In te r n a l
p re s s u re s . D u r in g  d is c h a r g e  r a p id  o s c i l la t io n s  a b o u t 
a m ean le v e l w e re  re c o rd e d  fo r  th e  15® h o p p e rs . D ra s t ic  
p re s s u r e  c h a n g e s  w ere  re c o rd e d  as  d is c h a r g e  s ta r t e d .  
A  g a u g e  n e a r  th e  h o p p e r  m o u th  w o u ld  sho w  a d ro p  
In  p re s s u re  a n d  one h ig h e r  u p  an  In c re a s e , No s w itc h  
p re s s u r e  o r  m o v in g  p o in t  lo a d  w as  d e te c te d . In te r n a l  
p re s s u r e  m e a su re m e n ts  n e a r  th e  o u t le t  show ed a r a p id  
d e c re a s e  w i th  d is c h a r g e .  . F o r  th e  30® h o p p e r  f lu c t u a t io n s  
t iw a y  fro m  th e  o u t le t  w e re  a lm o s t a b s e n t,  s u g g e s t in g
s ta t io n a r y  m a te r ia l  a t  th e  w a l l .  I n i t i a l  p re s s u re s  show ed 
a l in e a r  p re s s u re  In c re a s e  w i th  d e p th  th e n  a r e d u c t io n
n e a r  th e  b o tto m , F ig .  1 .1 5 . A t d is c h a r g e  th e  p e a k  
m oved up  a n d  th e  p re s s u r e  n e a r  th e  o u t le t  d ro p p e d . 
A g re e m e n t b e tw ee n  th e o ry  a n d  e x p e r im e n t w as  b e t te r
fo r  th e  15° th a n  fo r  th e  30° h o p p e r .
I t  w a s  fo u n d  th a t  th e  f lo w  p re s s u r e  w as  In d e p e n d e n t 
o f  th e  r a te  o / f lo w ,  e ve n  i f  th e  f lo w  w as  s to p p e d , th u s
c o n f ir m in g  th e  s m a ll p a r t  p la y e d  b y  a c c e le r a t io n  fo rc e s .
^ Is c h o rg e
f il l in g
norm al p re ssu re
F ig u re  1 .1 5  W a lk e r  a n d  B la n c h a r d ' s  te s ts  
( 22)
J e n ik e  a n d  Joh a n so n  In  a p a p e r  on b ln  lo a d s  c a lc u la te  
th e  I n i t i a l  p re s s u re  In  a  h o p p e r  u s in g  e la s t i c i t y  th e o ry .  
T h is  th e o ry  sho w s a  r e d u c t io n  n e a r  th e  b o tto m  a s  m e a su re d  
b y  W a lk e r  a n d  B la n c h a r d .  F o r  d is c h a r g e  a r a d ia l  s tre s s  
f i e ld  w i th  l in e a r  r e d u c t io n  to  z e ro  a t th e  to p  Is  p ro p o s e d , 
F i g .  1 .1 6 , W ith o u t e x p e r im e n ta l v e r i f i c a t io n  a “ s w itc h "  
p re s s u re  Is  p ro p o s e d , w h ic h  Is  a l in e  lo a d  n e c e s s a ry
to  m a in ta in  e q u i l ib r iu m  a t  th e  le v e l b e lo w  w h ic h  d is c h a rg e  
p re s s u re s  h a v e  s ta r t e d  a n d  a b o ve  w h ic h  f i l l i n g  p re s s u re s  
e x is t ,  F ig .  1 .1 7 . I t  Is  a ls o  s ta te d  th a t  I n e r t ia  fo rc e s  
a re  n e g l ig ib le .
P la to n o v  a n d  I v a n o v ^  d e v e lo p  m ore  r ig o r o u s ly  th a n  Jan ssen  
a th e o ry  f o r  a de ep  c y l i n d r i c a l  b ln  w h ic h  r e la t e s  m ore 
to  th e  d is c h a r g e  c a s e . T h e  e x p re s s io n  fo r  la te r a l  p re s s u re  
Is  s im i la r  to  J a n s s e n 's  b u t  th e  v a lu e s  a re  a lm o s t 50% 
g r e a te r .
M ro z  a n d  D r e s c h e r ^  a p p ly  an  In g e n io u s  k in e m a t ic  a p p ro a c h  
to  a b ln ,  w i th  a c y l i n d r i c a l  p a r t  a n d  a c o n v e r g in g
h o p p e r .  T he m e th od  Is  a n a lo g o u s  to  th e  m e ch a n ism  m ethod
f a r  p la s t ic  c o l la p s e  o f  a  fra m e .  T he y  d e r iv e  fo rm u la s
fo r  b o th  p a r t s .  T h e  p re s s u r e  on th e  u p p e r  p a r t  ha s  
th e  sh a p e  o f th e  J a n sse n  p re s s u re  a n d  on  th e  lo w e r  p a r t  
o f  th e  r a d ia l  s tre s s  f i e ld .
P ie p e r  c o n d u c te d  te s ts  to  c h e ck  D IN  1055 . He show ed
th a t  f o r  th e  Jan sse n  fo rm u la  th e re  c a n  be  no  s c a le  e f fe c t .  
He c o n c lu d e s  th a t  D IN  1055 Is  a d e q u a te  th o u g h  n o t c o r re c t 
In  s ' l  a s p e c ts .
--lines o f m a jo r pressure—7
fillin g em ptying
F ig u r e  1 .1 6  Jen Ik e  a n d  J o h a n s e n 's  f i l l i n g  a n d  e m p ty in g
p re s s u re s
F ig u r e  1 .1 7
switch
T h e  s w itc h  p re s s u re
D eu tsch  a n d  S ch m id t (26)
p re s s u re s  up  to  fo u r  t im e s  th e  Jan sse n  
(23), (25)m ore th a n  o th e rs  •
fo u n d  e x tre m e  v a lu e s  o f  d is c h a rg e  
5, c o n s id e ra b ly
J e n lk e , Joh a n so n  a n d  C a rs o n  In  th re e  p a p e rs  on b ln  
lo a d s  to  fo llo w  up  p r e v io u s  p a p e rs  ^  m ake  use o f e n e rg y  
c o n c e p ts  to  p ro d u c e  a lo c u s  o f p re s s u r e  p e a k s  based  
on s t r a in  e n e r g y .  I f  th e  c y l i n d r i c a l  p a r t  d iv e rg e s  s l i g h t l y
fro m  to p  to  bo tto m  (1 o r  2 d e g re e s )  th e n  th e  p re s s u re s
a r e  c lo s e  to  th e  Ja n ssen  v a lu e s  d u r in g  d is c h a r g e ,
b u t  i f  th e re  e re  le d g e s  o r  s l i g h t  c o n v e rg e n c e  th e  p re s s u re  
p e a k s  a re  c o n s id e ra b ly  a b o v e  Ja n ssen  b u t  le s s  th a n  
th e  s t r a in  e n e rg y  l in e .
W a l t e r s ^ ' ^  a n d  W a lte rs  a n d  C la ^  ie  ^  e x te n d  th e  w o rk  
o f  W a lk e r  ^  . T h e y  c a lc u la te  th e  v a lu e  o f D w h ic h  
r e la t e s  th e  w a ll  s tre s s  to  th e  a v e ra g e  v e r t ic a l  s tre s s  
b y  a s s u m in g  th a t  th e  s h e a r  s t r e s s  v a r ie s  l l n e r n y
fro m  z e ro  to  th e  v a lu e  a t  th e  w a l l .  D v a lu e s  fo r  f i l l i n g  
a r e  e i th e r  le ss  th a n  o r  e q u a l to  1 . A t  d is c h a r g e  f o r  
p r a c t ic a l  w a l l  f r i c t i o n  a n g le s ,  v a lu e s  o f  D c a n  be 
a s  h ig h  a s  2 . F o r  n o rm a l c o m b in a t io n s  o f 6 a n d  0  w i l l  
b e  a b o u t 1 ,4 . in  th e  p a r a l l e l  w a lle d  p a r t  t h is  le a d s
to  h ig h e r  s tre s s e s  th a n  Ja n s s e n  fo r  s m a fl d e p th s  a n d  
J a n s s e n 's  s tre s s e s  fo r  la r g e  d e p th s . F o r  a c o n v e r g in g  
h o p r  '  w ith  no s u r c h a r g e  W a lte r s  o b ta in s  th e  n o rm a l 
w a l l  s t r e s s  sho w n  in  F ig -  1 .1 8  f o r  a case  w i th  h a l f  a n g le  
o f  4 °  ( ie  a v e r y  s te ep  h o p p e r ) .  N ote th a t  th e  a re a s  u n d e r  
th e  f i l l i n g  a n d  e m p ty in g  c u r v e s  a r e  n o t e q u a l.  I t  ts  show n 
in  A p p e n d ix  E th a t  f o r  D  v a lu e s  o th e r  th a n  1 , th e re  ca n  
be  no. v e r t ic a l  e q u i l ib r iu m .
(dynamic
F ig u r e  1 .1 8  W a lte r s ' n o rm a l w a l l  s tre s s  fo r  
6 = 50* , $ '= 2 5 *  a n d  a = 4°
B l a i r  - K is h  a n d  flra n a > i.y   ^  ^r e p o r t  on  f lo w  p a t te r n s  .
a n d  w a l l  s tre s s e s  m e a s u re d  s im u lta n e o u s ly  In  a b u n k e r .  
T hese a re  p r o b a b ly  th e  b e s t a n d  m os t c o m p le te  m e a su re m e n ts  
ta k e n  up  to  t h is  t im e . Some o f  th e  r e s u lt s  a r e  show n 
in  F ig .  1 . 1 9 : .
hear stres
norma/ stre
I K N /m 2
loured but a fte r 1st a fter 2nd a fte r 3 rd
jndisplaced increm ent increm ent increm ent
of discharge
F ig u r e  1 .1 9  R e s u lts  sh o w n  b y  B la i r - F is h  a n d  B ra n s b y
T h e re  is  a m a rk e d  c h a n g e  f ro m  f i l l i n g  to  d is c h a r g e .  
D u r in g  d is c h a r g e  zon es  o f  In te n s e  s h e a r in g  fo rm , m ove 
do w n  a n d  th e n  r e - fo r m  a n d  p re s s u r e  p e a k s  fo rm  a n d  
d ie  a w a y  w i t h  th em . B r a n s b y ,  B la i r - F is h  a n d  J a m e s ^  de ­
te rm in e d  d is p la c e m e n t f i e ld s  a n d  d i r e c t io n s  o f  m a jo r  
c o m p re s s iv e  s t r a in  d u r in g  f lo w  fro m  th e  m ovem ent o f  
le a d  m a r k e r s ,  F ig .  1 .2 0  : •
D is p la c e m e n t f ie ld s  
( fro m  re fe re n c e  (3 3 ))
D ire c t io n s  o f m a jo r  
c o m p re s s iv e  s t r a in
B ra n s .b y  a n d  B la i r - F is h  e x a m in e  th e  re g io n  w he re
v e r t ic a l  w a l l  a n d  h o p p e r  m ee t. P r e d ic t io n s  f o r  r a t io s  
be tw ee n  w a l l  s t r e s s  a b o ve  a n d  b e lo w  a r e  h ig h e r  th a n  
m e a s u re d . B r a n s b y  a n d  B la i r - F is h  d e v e lo p  e x p re s s io n s
fo r  d is p la c e m e n ts  a n d  s t r a in s  In  a h o p p e r  th a t  a g re e  
w i th  o b s e r v a t io n s .  T hese c o u ld  be  u s e fu l In  c a lc u la t in g  
s t r a in  s ta te s .  D re s c h e r , C ouzens a n d  B ra n s b y  ^  d e f in e  
v e lo c i t y  f i e ld s  to  a g re e  w i th  te s t r e s u lt s  f o r  a p la n e  
h o p p e r .
F o l lo w in g  on, th e  w o rk  o f  W a l t e r s ^ 7]  A r n o ld  a n d  M cL e a n ^ 37  ^
h a v e  p ro d u c e d  a  c lo s e d  fo rm  s o lu t io n  f o r  th e  r a d ia l
s tre s s  f i e ld  t h a t  co m p a re s  w e ll  w i th  th e  n u m e r ic a l 
r e s u lt s  o b ta in e d  b y  J e n ik e
H o rn e  a rtd  N e d d e rm a n n  ^38^ 39  ^ f i n d  th e  p re s s u re s  In  a 
p a r a l l e l  s id e d  b in  a n d  In  a  h o p p e r  Z-'y th e  m ethod
o f c h a r a c te r is t ic s  f o r  b o th  f i l l i n g  a n d  fc r ip ty ln g  ca se s . 
In  b o th  case s  th e  r e s u lt s  a r e  n o t sm oo th  b u t " o s c i l la te
a lo n g  th e  w a l l .  In  th e  p a r a l l e l  s id e d  b ln  th e  r e s u lt s
o s c i l la t e  a b o u t th e  Ja n ssen  s o lu t io n  a n d  in  th e  h o p p e r
th e  w a l l  p r e s s u r e  o s c i l la t e s  a b o u t th e  r a d ia l  s tre s s
f ie ld  to w a rd s  th e  o u t le t .
H M u s s le r  a n d  E ib l  h a v e  a p p l ie d  th e  f i n i t e  e lem ent 
m e th o d  to  a  d e e p  b in .  T h e y  a n a ly s e  th e  f i l l i n g  s ta te  
a n d  th e  t r a n s i t i o n  to  a d is c h a r g e  s ta te .  P o s s ib ly  th e
b e s t a v a i la b le  c o n s t i t u t iv e  la w  ^ ^  h a s  been u se d  a n d  
la r g e  d is p la c e m e n ts  h a v e  been a l lo w e d  f o r .  B o th  45° 
a n d  15° h a l f  a n g le  h o p p e rs  w e re  a n a ly s e d .  F i l l i n g  
c o n d i t io n s  c o m p a re  re a s o n a b ly  w e ll  w i t h  te s t r e s u lt s .  
E m p ty in g  p r e s s u r e s  a r e  sh o w n  b u t  n o t co m p a re d  w ith
te s t r e s u lt s .  I t  is  In te r e s t in g  to  n o te  th a t  th e re  Is
a s te a d y  t r a n s i t i o n  fro m  f i l l i n g  to  e m p ty in g  w i th  tim e
w ith o u t  a n y  s w itc h  p re s s u re s  m o v in g  a lo n g  th e  b ln ,  
a lth o u g h  th e  p e a k  p re s s u re s  a t th e  t r a n s i t io n  a re
lo o s e ly  r e fe r r e d  to  as s w itc h  p re s s u re s .
B l ig h t  h a s  m e a s u re d  p re s s u re s  on th e  w a l l s  o f  f u l l
s iz e  s i lo s .  He p lo ts  p re s s u re s  a g a in s t  c a lc u la te d  o v e r b u rd e n .  
T he p re s s u re s  a r e  h o t g iv e n  a s  th e  v a r ia t io n  u p  th e  w a ll  
a t  a g iv e n  In s ta n t ,  p re s u m a b ly  b e ca u se  a l im i te d  n u m b e r 
o f c e l ls  w e re  use d  n e a r  th e  b o tto m . In s te a d  p r e s s u r e s  a re  
p lo t te d  a g a in s t  c a lc u la te d  o v e rb u rd e n  p re s s u r e  e q u a l to 
d e p th  tim es  d e n s i ty .  T h u s  ch a n g e s  b e tw e e n  f i l l i n g  a n d  
e m p ty in g  In  a n  I n d iv id u a l  te s t a re  n o t s h o w n . In s te a d  
a n  e n v e lo p e  o f  f i l l i n g  o r  e m p ty in g  p re s s u r e  Is  o b ta in e d .  
In  some te s ts ,  r e a d in g s  w e re  ta k e n  to  f i t  in  w i t h  o p e r a t io n a l  
c o n d it io n  o f p a r t i a l  e m p ty in g  fo llo w e d  b y  r e f i l l i n g .  He 
o b ta in e d  a la r g e  s c a t te r  a n d  fo u n d  l i t t l e  d i f f e r e n c e  be tw ee n 
f i l l i n g  a n d  e m p ty in g ,  h e  p ro p o s e d  a s im p le  c o n ta in in g  
e n v e lo p e
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fo r  a l l  p re s s u re s  w h e re  Ko is  th e  c o e f f ic ie n t  o f  e a r th  p re s ­
s u re  a t  r e s t .
In  t h is  s e c t io n  th e re  h a s  be en  a d is c u s s io n  o f  s e le c te d  
re fe re n c e s  f ro m  th e  m a n y  a v a i la b le ,  a s  a n  a t te m p t to  d e f in e  
a p a t te r n  o f  b ln  b e h a v io u r  e m e rg in g  fro m  th e  r e s u lt s  o f 
th e  th e o r ie s  a n d  e x p e r im e n ts  m e n tio n e d .
T h e re  seems to  be a c h a n g e  In  p re s s u r e  re g im e  be tw ee n 
f i l l i n g  a n d  e m p ty in g .  T h is  Is  du e  to  re d u c t io n  in  v e r t ic a l  
s u p p o r t  w hen o u t f lo w  s t a r t s .  A c h a n g e  In  d i r e c t io n  o f m a jo r  
p r in c ip a l  s tre s s  fro m  v e r t i c a l  to  h o r iz o n ta l  on  th e  c e n tr e l in e  
is  l i k e l y  to  o c c u r .  T h is  Is  c le a r ly  seen In  th e  c h a n g e  
In  sh a p e  o f a c a te n a r y  b u n k e r  w i t h  th e  s id e s  m o v in g  ou t 
a n d  th e  b o tto m  m o v in g  u p .  M ost b in s  h a v e  a  p a r a l l e l  s id e d  
se c t io n  fo llo w e d  b y  a c o n v e r g in g  s e c t io n . In  th e  p a r a l le l  
s id e d  s e c t io n  I f  deep e n o u g h , in  th e o ry  a l im i t i n g  n o rm a l 
p re s s u re  Is  re a c h e d
T h is  Is  th e  m axim um  p re s s u re  in  th e  Jan sen  th e o ry .  In  
th e o ry  th e  d i f f e r e n c e  In  e m p ty in g  v a lu e s  Is  th a t  t h is  p re s ­
s u re  Is  a p p ro a c h e d  n e a re r  th e  s u r fa c e  , F ig .  1 .2 1 ,
p r o v id e d  th a t  th e  w a l l  f r a c t io n  a n g le  re m a in s  c o n s ta n t .
%
FIG U R E K 2 1  P re s s u re s  In  a s i lo
(5)(25j(26)
M ost I n v e s t ig a to r s  fo u n d  g r e a te r  p re s s u re s  d u r in g
d is c h a r g e .  S im p le  e v id e n c e  l i k e  o p e n in g  u p  o f c r a c k s  up on
e m p ty in g  sho w s an  In c re a s e  In  p re s s u r e .
In  th e  c o n v e r g in g  p a r t  e m p ty in g  p re s s u re s  show  a de c re a se  
to w a rd s  th e  o u t le t  _ J e n lk e  a n d  W a lk e r^ 111) p r o ­
d u ce d  th e o r ie s  to  accom m oda te  t h is .  P re s s u re  v a r ia t io n s  
w i th  t im e  d u r in g  e m p ty in g  w e re  fo u n d  to  o c c u r .  T he se w ere
n o t fo u n d  to  be du e  to  a c c e le r a t io n  e f fe c t s .  T he l i k e ly
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e x p la n a t io n  is  g iv e n  b y  th e  r e s u lt s  o f  B ra n s b y  a n d  B l a l r -  
F l s h ^ 36* , F ig ,  1 ,1 9 , w h e re  x - r a y  a n a ly s is  sho w ed  p re s s u re s  
to  v a r y  w i th  th e  fo rm a t io n  o f a s y m m e tr ic  s h e a r in g  zo n e s . 
Some o f th e  p re s s u re s  w e re  m e a su re d  on f u l l  s iz e  b in s  
o r  s i lo s  b u t  m ost w ere  m e a s u re d  on  m o d e ls  a n d  th e r e  is  
some d o u b t w h e th e r  th e  b e h a v io u r  o f  a g r a n u la r  m a te r ia l  
Is  g o v e rn e d  b y  th e  sam e ty p e  o f s tre s s  re g im e  In  a m od e l 
'a s  In  a  l a r g e r  b ln .
In  a p p ly in g  m ore s o p h is t ic a te d  m e th od s  o f a n a ly s is  th e  
l im i t  s tre s s  on  b lo c k s  ^ \  th e  m e th o d  o f  c h a r a c te r is t ic s ^  
a n d  th e  f i n i t e  e le m e n t m e th o d ^ 0  ^ h a v e  been u se d . T h e  . l a t t e r  
m e t h o d h a s  p ro d u c e d  r e s u lt s  t h a t  a g re e  w i th  e x p e r im e n ta l 
r e s u lt s  a n d  lo o k  l i k e  th e  r e s u lt s  fro m  re fe re n c e  .
A m o v in g  p e a k  p re s s u r e  o r  s w itc h  p re s s u re  p o s tu la te d  b y  
J e n lk e  a n d  J o h a n s o n ‘ ZZ^ h a s  n o t  be en  d e te c te d  ^ ' 5 '  .
CHAPTER 2
EXPERIM ENTAL WORK -  M ATERIAL AND C ALIBRATIONS
2.1  S a nd a n d  I ts  p r o p e r t ie s
The m a te r ia l  u s e d  In  th e  b ln  w as  a w e l l - r o u n d e d  q u a r t z l t i c  
s a n d  f ro m  P h i l i i p l  in  th e  C ape F la t s .  I t  w a s  a lm o s t s in g le  
s ize  a n d  w as  v i r t u a l l y  f r e e  fro m  d u s t  w he n  p o u re d . T h e  
p r o p e r t ie s  o f  th e  s a n d  a r e  s u m m a ris e d  In  ta b le  2.1 :
TABLE 2.1  : P r o p e r t ie s  o f  S and
D e n s ity  loose 1 ,5 9 3  g /c c
de nse 1 ,75 7  g /c c
i n f e r n a l  f r i c t i o n  a n g le 6 * 3 3 ,8 "
W a ll f r i c t i o n  a n g le  ( s te e l)
fro m  t r i a x i a f *w  = 20 , r
fro m  s h e a r  b o x * w  * 1 8 ,8 *
W a ll f r i c t i o n  a n g le  (g la s s )
fro m  s h e a r  b o x * w  ” 9 ,1 °
A n g le  o f  re p o s e = " 3 1 ,0 "
2 .2  T r la x la l  te s t  f o r  in te r n a l  f r i c t i o n  a n g le
T e s ts  w e re  c a r r ie d  o u t on d r y  s a n d . E a ch  spe c im e n  fo rm e d  
a c y l i n d e r  38mm d ia m e te r  x  a p p r o x im a te ly  64mm lo n g .  T e s ts  
w ere  c a r r ie d  o u t  w i th  c o n f in in g  p re s s u re s  ( a ,  ) o f  25 ,
50 , 75 a n d  100kP a In  d r a in e d  te s t .  T he r e s u lt s  a re  g iv e n  
In  A p p e n d ix  A . T he v a lu e  o f 3 3 ,8 °  fo r  In te r n a l  f r i c t i o n  
a n g le  w as  o b ta in e d  fro m  d ir e c t  C R lc u ia t lo n  r a th e r  th a n  
fro m  th e  M t ih r 's  c i r c le s  In  A p p e n d ix  A .
A c lo s e  f i t t i n g  r u b b e r  m em bran e  w as  p la c e d  o v e r  th e  p e d e s ta l 
a n d  th e  tw o  p a r ts  o f th e  m o u ld  w o re  p la c e d  a ro u n d  I t  
a n d  c la m p e d  to g e th e r  w i th  tw o 0  r in g s .  T h e  p r o je c t in g  
top o f  th e  m e m b ra n e  w as  th e n  tu rn e d  o v e r  th e  m o u ld  a n d  
s a n d  w as  p o u re d  In  fro m  a c o n ta in e r  th a t  h a d  been w e ig h e d . 
T he s a n d  w a s  l i g h t l y  ta m p ed  dow n w i th  th e  b la d e  o f  a 
m ed ium  s iz e d  sc re w  d r i v e r  a f te r  a p o ro u s  d is c  h a d  been 
p la c e d  on to p  o f th e  p e d e s ta l in s id e  th e  m e m b ra n e . A  p e rs p e x  
top  w i th  s te e l lo a d in g  b a l l  w as th e n  h e ld  on to p  w h i le
th e  m em bran e  w as tu rn e d  u p  a ro u n d  ! t an d  a n  0  r in g  
w as  c a r e f u l l y  r o l le d  up  o n to  th e  to p  o f f  th e  s p i l t  m o u ld . 
T he lo w e r 0  r in g  w as  th e n  r o l l e d  dow n o n to  ‘ he  p e d e s ta l 
a n d  th e  s r i l i t  h a lv e s  w e re  c a r e f u l l y  re m o ve d . T h e  lo w e r
0  r in g  w a s  th e n  r o l le d  up  to  c la m  th e  bo tto m  o f th e  mem­
b r a n e  to  th e  p e d e s ta l.  A n y  w r in k le s  w ere  c a r e f u l l y  
s t r a ig h te n e d  o u t .  The c e l l  w a s  th e n  p la c e d  c a r e f u l l y  o v e r  
th e  sa m p le  so as  no t to  d is t u r b  i t ,  an d  w as  th e n  sc re w e d  
d o w n . T he c o n f in in g  p re s s u re  w a s  th e n  a p p l ie d ,  s u i t a b ly  
a d ju s t in g  th e  p re s s u re  g a u g e  a c c o r d in g  to  I t ' s  c a l i b r a t io n  
{A p p e n d ix  A ) .  T he p r o v in g  r i n g  w a s  th e n  p u t  In  p o s i t io n  
a n d  th e  ta b le  w as  r a is e d  to  ta k e  u p  th e  p la y .  T he d e f le c t io n  
g a u g e  a n d  p r o v in g  r in g  g a u g e  w e re  th e n  se t to  z e ro  a n d  
th e  d r iv e  w as  e n g a g e d  a t  a  s p e e d  o f 0 ,0 1 2  in c h e s /m in u te  
(0 ,0 3 1 m m /m ln u to ) ,  A f te r  a d e f le c t io n  o f 0,1m m  th e  speed 
w as  c h a n g e d  to  0 ,0 6  in c h e s /m in u te  0 ,5 2 m m /m irm te ) . R e a d in g s  
w e re  ta k e n  to  a d e f le c t io n  o f 5mm o r  m o re . Some d e ta i ls  
a p p e a r  In  F ig u re  2 .1 .
2 .3  T e s ts  fo r  M e t ie r *  a n g le s  o f  s a n d  on s te e l a n d  s a n d  
on g la s s  ' "
T w o  ty p e s  o f te s t w ere  usfcd to  m e a su re  th e  s a n d -s te e l 
f r i c t i o n  a n g le .  In  th e  f i r s t  t y p e  a t r l a x l a l  te s t w a s  c a r r ie d  
o w (. T h e  p ro c e d u re  d e s c r ib e d  fn  s e c t io n  2 ,2  w as  fo llo w e d  
a f t e r  a s te e l p la te  o f e l l l p i i c a l  s h a p e  h a d  been in t ro d u c e d
a t  a n  a n g le  o f  45® rn to  th e  s p & d m e n ,  A1 a n  a n g le  o f 45° 
th e  g r e a te s t  s h e a r  s tre s s  o c c u r s .  G ra p h s  o f o , -  o ,  a g a in s t  
d e f le c t io n  (A p p e n d ix  A ) show  th a t  a f t e r  a s h a r p  c h a n g e  
In  d i r e c t io n  a l l  o f  them  In c re a s e d  a t  a b o u t th e  sam e s lo p e . 
T h is  p o in t  o f  c h a n g e  w as  ta k e n  a s  th e  c o r r e c t  v a lu e  o f  o, -  o , 
f o r  d e te rm in in g  th e  w a l l  f r i c t i o n  a n g le .  I t  is  l i k e l y  th a t  
th e  la r g e  d e fo rm a t io n s  o f th e  m em bran e  In  th e  v i c i n i t y
e f th e  p la te  a c c o u n t fo r  th e  s u b s e q u e n t u p w a r d  s lo p e .
T he  M b h r 's  c i r c le  p lo t  g a v e  a v a lu e  fo r  w a l l  f r i c t i o n  a n g le  
o f  2 0 ,6 " .  H o w e ve r, th e  c a lc u la te d  v a lu e  o f 20 ,1 *  w a s  p r e -
A s h e a r  b o x  le s t w as  th e  se co n d  ty p e  o f te s t use d  to  f i n d  
th e  s a n d -s te e l f r l c l l o n  a n g le . A  100mm x  100mm s h e a r  b o x
w as u s e d . P a c k s  w ere  u se d  to  s u p p o r t  a 3mm s te e l p la te  
f lu s h  w i th  th e  to p  o f th e  lo w e r h a l f  o f  th e  s h e a r  b o x . 
T he s u r fa c e  o f  th e  p la te  w as  s a n d e d  w i th  m e d iu m  em e ry  
p a p e r  a n d  w as  fr e e  fro m  r u s t  a n d  m i l l  s c a le .  ' The 
re s u lt s  a re  sho w n  In  A p p e n d ix  A . Seven te s ts  w e re  c o n d u c te d  
w i th  v e r t i c a l  p re s s u re s  r a n g in g  fro m  5 ,3 k P a  to  1 9 ,9 0 k P a . 
A  speed o f 40mm h o r iz o n ta l  m ovem ent p e r  :h o u r  w a s  u s e d . 
R e a d in g s  o f  h o r iz o n ta l  lo a d  w e re  ta k e n  e v e ry  0 ,25m m  up 
to  3mm m a x im um  d is p la c e m e n t.  A  f r i c t i o n  a n g le  o f 1 5 ,3 " 
w as o b ta in e d  w i t h  th e  s a n d in g  d i r e c t io n  ( fro m  th e  em e ry  
p a p e r )  p a r a l l e l  to  th e  s h e a r  d i r e c t io n  ( t a b le  A . 5 ) .  The 
s te e l p la te  w as  th e n  s a n d e d  w i th  c o a rs e r  p a p e r  and. th e  
d i r e c t io n  o f  s a n d in g  w a s  m ade p e r p e n d ic u la r  to  th e  s h e a r  
d i r e c t io n .  A  f r i c t i o n  a n g le  o f 1 8 ,8 "  w a s  o b ta in e d  ( ta b le  
A .6 ) .  T h is  Is  th e  v a lu e  sh o w n  In  ta b le  2 .1 .  In  th e  t r j a x i a l  
te s t th e  s te e l p la te  h a d  been s a n d e d  w i t h  m e d iu m  em e ry  
p a p e r  In  b o th  d i r e c t io n s .
A 3mm th ic k  p ie c e  o f  c le a r  w in d o w  g la s s  w a s  u s e d ! In  th e  
100mm x  100mm s h e a r  b o x  to  d e te rm in e  th e  s a n d - g la s s  f r i c t i o n  
a n g le ,  • ta b le  A . 7 .  A f r i c t i o n  a n g le  o f 9 ,1 "  w a s  o b ta in e d .  
T he lo w e r  th e  f r i c t i o n  a n g le  th e  c lo s e r  th e  c o n d i t io n  In  
th e  b ln  a p p ro a c h e s  a t r u e  tw o -d im e n s io n a l s t r e s s  s ta te .  
T h is  a n g le  Is  a p p r o x l r t ^ . i l y  h a l f  th a t  f o r  s a n d  on  s te e l.
2 .4  O e te rm ln a t io '"  o f  s a n d  d e n s ity
A c o n ta in e r  w i th  v e r y  r i g i d  w a l ls ,  102mm d ia m e te r  x  112,5mm 
h ig h  I n t e r n a l l y  w as  u s e d . F o r  th e  loose d e te rm in a t io n  o f 
d e n s ity  s a n d  w a s  p o u re d  In  a n d  s t r u c k  o f f  le v e l .  F o r  th e  
dense  d e te rm in a t io n  th e  c o n ta in e r  w as  p la c e d  o n  a cub e  
m o u ld  v ib r a t o r ,  v ib r a t e d ,  a n d  th e n  to p p e d  u p  a n d  s t r u c k  
o f f  le v e l.
2 .5  B ln  a p p a r a tu s
An o v e r a l l  v ie w  o f th e  a p p a r a tu s  Is  show n In  F ig s .  2 .2  
a n d  2 .3 .  A r i g i d  fra m e  o f  w e ld e d  c o n s t r u c t io n  m ade from  
5 0 ,8  x  5 0 ,8  h o l lo w  s q u a re  tu b e  s u p p o r ts  , tw o  she e ts
ft \
2-4
o f  6mm g la s s  a p p r o x im a te ly  860mm x 1010mm In  s iz e  In  p a r a l le l  
p la n e s  400mm a p a r t .  E a ch  g la s s  p a n e  Is  s u p p o r te d  a ro u n d  
i t s  ed ge  a n d  b y  a f l a t  b a r  38mm x  6,2m m  on  e d g e  on  th e  
v e r t ic a l  c e n t r e l in e .  T h e  g la s s  p la te s  fo rm  th e  e n d s  o f  th e  
b u n k e r .  A b u n k e r  s id e  c o n s is ts  o f th re e  p la te s  o f  0,416m m
th ic k  s te e l p la te ,  F ig ,  2 .3 .  E a ch  p la te  m e a su re s  226mm
do w n th e  s lo p e  x  398mm w id e  a n d  is  a r r a n g e d  to  o v e r la p
th e  to w e r p la te  b y  3mm w ith o u t  to u c h in g  I !  . g iv in g  a n  e f fe c t iv e  
c o v e r in g  le n g th  o f  225mm do w n  th e  s lo p s , T he p la te  is  s t i f fe n e d  
b y  b e in g  sc re w e d  to  s ix  m a c h in e d  s te e l r ib s ,  4,76m m  
w id e  x  10mm d e e p , b y  c o u n te rs u n k  h e a d  sc re w s  a t  35mm
c e n tre s .  T h e  r ib s  a r e  a t 40mm c e n tre s  dow n th e  s lo p e  w h ic h  
le a v e s  a 14mm p la te  c a n t i le v e r  a t to p  a n d  b o tto m . T h e  r ib s  
in  t u r n  a re  sc re w e d  to  m a c h in e d  s te e l f l a t s  o f  s iz e  t'8mm
x  4,76m m  r u n n in g  do w n  th e  s lo p e . E a ch p la te  a n d  I t s  s u p p o r ­
t in g  fra m e  Is  e q u ip p e d  w i t h  fo u r  b a i l  ra c e s  w h ic h  re s t
o n  m em bers m ad e  fro m  50 ,8m m  x  25,4m m  c o ld  r o l l e d  c h a n n e l.  
T he  b e a r in g s  e n s u re  v i r t u a l l y  f r l c t io n ie s s  m ove m e nt dow n 
th e  s lo p e .  L o c a t io n  on th e  s lo p e  is  p r o v id e d  b y  a  s U o rt 
c a n t i le v e r  o f  s e c t io n  5 x  5mm on e i th e r  s id e  w h ic h  e n g a g e s
a s q u a re  h o le  w i t h  a k n i f e  e d g e  In  th e  s u p p o r t in g  c h a n n e l.
P la te s  .a re  h e ld  do w n  b y  s p r in g s  a n d  s p l i t  p in s  th ro u g h  
th e  c a n t i le v e r s .  A  s u p p o r t in g  c h a n n e l p iv o ts  u t  th e  bo tto m
a n d  ca n  b e  in c l in e d  a t  6 0 ° ,  45° o r  30" to  th e  v e r t i c a l .  
A n o th e r  s e c t io n  o f c h a n n e l c a n  be  b o lte d  o n to  th e  In c lin e d
s u p p o r t  to  p r o v id e  b o th  v e r t i c a l  a n d  s lo p in g  s id e s .
N o rm a l p re s s u re  Is  m e a s u re d  on  ea ch  o f th e  f i v e  40mm o n e -w a y  
s p a n n in g  p a n e ls  p e r  p la te .  S t ra in s  a re  m e a s u re d . F ig .  
2 .4  w i th  120 ohm e le c t r ic a l  r e s is ta n c e  fo i l  g a u g e s  co n n e c te d  
In  a f u l l  b r id g e  c i r c u i t .  I t  Is  assum ed th a t  th e re  Is  no 
In te r a c t io n  b e tw e e n  p la te  p a n e ls  a lth o u g h  th is  Is  n o t s t r i c t l y  
t r u e .  (See tb s  s e c t io n  on c a l i b r a t io n ) .  S h e a r s tre s s e s , a v e ra g e d  
fo r  ea ch  p la te  a re  m e a su re d  b y  s t r a in  g a u g e s  on th e  c a n t i ­
le v e rs ,  F ig .  2 .5 .  T he to ta l  lo a d  In  th e  b ln  Is  m e a su re d  
b y  fo u r  C s h a p e d  lo a d  c e i ls ,  R ig . '2 ,6 , p la c e d  u n d e r  th e
fe e t o f  th e  b ln  a n d  in s tru m e n te d  w i th  s t r a in  g a u g e s  co n n e c te d  
in to  a s in g le  f u l l  b r id g e  c i r c u i t .
A s lo t  o f  w id th  30mm h a s  ,a sc re w  o p e ra te d  s l id e  w i t h  a 
ro w  o f  h o le s , F ig .  2 .2 ,  to  p r o v id e  d ls c h w g e  a t  th e  b o tto m  
o f th e  b ln .  A lo a d in g  b o x  e p u lp p e d  w i th  a bo tto m  d is c h a r g e  
s lo t  Is  r a is e d  b y  c ra n e  a n d i h e ld  s l i g h t l y  a b o ve  th e  b u n k e r  
to  f i l l  I t .  To e m p ty  th e  b u n k e r  th e  lo a d in g  b lo x  Is  lo w e re d  
o n to  a  t r o l le y  w h ic h  Is  p u s h e d  u n d e r  th e  b u n k e r ,  E a ch  
p la te  Is  s e a le d  a g a in s t  th e  g la s s  w i t h  a  th in  b e a d  o f p l a s t i ­
c in e .  D u s t p ro o f s e a l in g  f o r  f i l l i n g  o r  e m p ty in g  p r e v e n ts  
a h e a l th  h a z a r d .
S q u a re s  o f s id e s  100mm d r a w n  on  a g la s s  en d  p a n e l a n d
a v e r t ic a l  c e n t r a l  m il l im e t r e  r u le  a re  used to  d e te rm in e
th e  p o s i t io n  o f th e  s a n d  s u r fa c e .  W ith  s ix  p la te s  th e re  
a re  a  to ta l o f  37 s t r a in  g a u g e  c i r c u i t s  w h ic h  a r e  co n n e c te d
to  a d a ta  lo g g e r ,  F ig .  2 .7 ,  T h e  d a ta  lo g g e r  c o n s is ts  o f
a  F lu k e  2240B d a ta  lo g g e r  w h ic h  Is  s e n s i t iv e  to  m ic r o v o l ts  
a n d  In d e p e n d e n t v o l ta g e  s o u rc e s  w i t h  z e ro  a d ju s tm e n t fo r  
e a c h  c h a n n e l.
2 .6  C a l ib r a t io n  fo r  s h e a r
E a ch  p a n e l w a s  re m o ve d  fro m  th e  b ln  a n d  c a l ib r a te d  In  
th e  a p p a r a tu s  sho w n  In  F ig .  2 .8 .  T he p a n e ) w a s  s u p p o r te d  
on  a r i g i d  fra m e  w e ld e d  f ro m  a n g le  I r o n , '  T he c a n t i le v e r  
s h e a r  a rm s  p a s s e d  th ro u g h  r e c ta n g u la r  h o le s  w i t h  m a c h in e d  
k n i f e  e d g e s , as  in  th e  b ln  s u p p o r ts .  A p la te  90mm x  85mm 
w a s  sc re w e d  to  th e  s u r fa c e  o f  th e  p a n e l to  p r o v id e  th e  
a t ta c h m e n t p o in t  f o r  a l i g h t  c a b le  w h ic h  w as  co n n e c te d  
o v e r  a p u l le y  to a s c a le  p a n  w h ic h  p r o v id e d  th e  h o r iz o n ta l  
lo a d .  The lo a d  w a s  a p p l ie d  In  s te p s  o f 2 kg  up  to  10kg,. 
a n d  r e a d in g s  w e re  re c o rd e d  In  m ic r o v o l ts  on th e  d a ta  lo g g e r .  
T h e  s lo p e s  w ere  c a lc u la te d  b y  le a s t  s q u a re s , a n d  a re  sho w n  
In  t.u b le  2 ,2  to g e th e r  w i th  c o r r e la t io n  c o e f f ic ie n ts .  G ra p h s  
w e re  a ls o  p lo t te d  to  e n s u re  t h a t  th e re  w ere  no p o in ts  f a r  
o f f  th e  l in e s .
TABLE 2 .2  : C a l ib r a t io n  o f S h e a r  C ir c u it s
P la te G ra p l to pe
k » v v
L e a s t S q u a re s  S lope 
k g /p V
C o r r e la t io n
C o e ff ic ie n t
B
S lo p e *
P a /p V
1 0 ,02 58 8 0,999300 2 ,7 6
2 0,02272 0 ,02276 0,997787 2 ,4 8
3 0,02400 0,02 41 2 0,999932 2 ,6 3
4 0 ,02230 0,02 21 3 0,996092 2,41
5 0,02347 0 ,02326 0,999200 2,54
6 0,02415 0,02 40 6 0 ,9 9 ? ' ' .  7 2,51
a  "  > 05 ,0  A ,  I P a .  1 N /m *
2 .7  C a l ib r a t io n  fo r  n o rm a l p re s s u r e
A p a n e l h a s  f iv e  p la te  s p a n s  do w n  th e  b ln  s lo p e  a n d  e a ch  
is  s e p a r a te ly  In s tru m e n te d . B e cau se  I t  w as  s u s p e c te d  th a t  
a lo a d  on one s p a n  w o u ld  c a u s e  r e a d in g s  on  a d ja c e n t  s p a n s , 
e te s t w as  c a r r ie d  o u t to  see ho w  b ig  th is  e f fe c t  w o u ld  
b e , a s  I t  w as  In te n d e d  to  Ig n o re  I t .  P re s s u re  w a s  n p p ife d  
to  e a c h  s p a n  In  t u r n  th ro u g h  a r u b b e r  b a g  f i l l e d  w ith  
w a te r ,  F ig .  2 .B . R e a d in g s  w e re  ta k e n  fro m  th e  c i r c u i t  on
th e  second s p a n . In each ca se  th e  w a te r  p re s s u re  w as  In c re a s e d  
In  s ta g e s  up  to  a n e a d  o f on e  m e tre . T he s lo p e s  a n d  c o r r e la ­
t io n  c o e f f ic ie n ts  w e re  d e te rm in e d  b y  le a s t s q u a re s . T h e  
r e s u lt s  a r e  sho w n  In  ta b le  2 .3 .
C;:
'ABLE 2 .3  : T he E f fe c t o f  L o a d in g  O th e r  S p a n s  on  th e  
R e a d in g  fro m  S p a n  2
S p an  L o a d e d
|!1 C o rre  1 a1 1 on C o e f f ic ie n t
1 29 ,5 0,00 87 9
2 35 9 ,2 0,999995
3 18 ,6 0,93 22 0
4 15 ,0 0,95 56 0
5 0
I t  c a n  b e  see n  th a t  (the r e a d in g s  w he n  a d ja c e n t  p a n e ls  
a re  Joa fle rf e r e  s m a lf)  b u l  n o t i n s ig n i f i c a n t .  T h e re fo re  a n o th e r  
‘  m e th od  o f c a l i b r a t io n  w as  t r i e d .  The p la te  w a s  p la c e d  in
“■the lo W fs t ? w s U io n  in  th e  b in  a n d  th e  b in  w a s  s e a le d  w i th
.) ^ la s ti.o ' s h e e t in g  a n d  p la s t ic in e  , a n d  f i l l e d  w i t h  w a te r  in
s ta g e s  ..tip to  e d e p th  o f 0 ,5  m e tre s .
The I'S a V lt f 6 r  s p a n  2 w as  a  s lo p e  o f  4 6 7 ,2  pV /m m  w ith
a c a ^ r ^ l r '.  ' x i  c o e f f ic ie n t  o f  0 ,9 )9 6 2 . T h is  v a lu e  is  g r e a te r  
th a n .1 th e  •V iiw o  a f 3 5 9 ,2  in  ta b le  2 .3  f o r  tw o  p o s s ib le  re a s o n s . 
Pi.rsH  th 6  e f fe c t  lo a d in g  a l i  Ih e  s p a n s  w o u ld  in c re a s e
yivn r e a d in g  a n d  iiB cor'q  th e  r u b b e r  b a g  m ay  n o t h a v e  a p p l ie d  
i^r-esstiPe to  th e  w fu^ 'e  a re a  in te n d e d .
C o n s e q u e n tly  I t  syfls d e c id e d  th a t  c a l i b r a t io n  fo r  n o rm a l
.p re s s u re  w o u ld  be  t ir r f .e d  o u t In  th e  b ln  a n d  th a t  th e  in te r a c ­
t in g  e f fe c ts  o f  le n d  on o th e r  s p a n s  w o u ld  be  n e g le c te d  f o r  
s im p l ic i t y .  E a c h  r.'sr-'sl w as  p la c e d  in  t u r n  a t  th e  lo w e s t 
p o s it io n  in  th e  b l n , T he b in  w as  th e n  s e a le d  a n d  w a te r
p re s s u re  w a s  a p p l ie d  , i t  e ig h t  le v e ls  f ro m  a d e p th  o f 200mm
to a d e p th  o f 550mm a b o ve  th e  d is c h a r g e  s lo t .  T he r e s u lts
a re  g iv e n  in  ta b le  2 .6 ,  w h e re  Ih e  s lo p e s  w e re  c a lc u la te d  
b y  le a s t s q u a re s .
T a b le  2 .4  C a l ib r a t io n  fo r  N orm a l P re s s u re  u s in g  
W a te r on  P la te s  a t  L o w e s t B ln  P o s it io n
P la te S pan S lope
P a /y V
C o r r e la t io n
C o e f f ic ie n t
P la te S p an
P a /p V
C o r r e la t io n
C o e ff ic ie n t
\ 23 ,36 0,999518 4 1 23,11 0,999787
23 ,65 0,999927 2 25 ,2 2 0,999851
18,91 0,999901 3 21 ,8 4 0,999836
4 19 ,98 0,999933 4 2 2 ,9 7 0,9999(14
5 21 ,81 0,99 99 32 5 21 ,1 0 0,999876
2 1 23 ,7 8 0,999811 5 t 33 ,3 8 0,999919
2 3 3 ,1 7 0,999685 27 ,9 5 0,999888
3 24 ,0 2 0,999926 3 3 5 ,6 3 0,999930
4 25,41 0,99 97 39 4 25 ,4 5 0,999913
5 28 ,55 0 ,99375 5 2 8 ,6 2 0,999791
' 3 . 1 27 ,36 0,999822 6 22 ,4 9 0,998926
18,84 0,999938 27 ,5 5 0,999930
25 ,7 7 0,99 99 62 24 ,1 6 0,999904
4 26 ,8 7 0 ,99969 26,11 0,999776
27 ,3 6 0,999677 5 2 7 ,6 7 0,999726
T h e  p la te s  w e re  th e n  p la c e d  in  th e  b ln  In  th e  o r d e r  1 ,2  a n d  3 
fro m  to p  to  b o tto m  on  th e  le f t  h a n d  s id e  a n d  4 ,5  a n d  6 on th e  
r ig h t  h a n d  s id e .  T he  s lo p e  o f e a ch  s id e  w a s  30° to  th e  
v e n iu T l .  T h e  b in  w as  s e a le d  a n d  r e a d in g s  w e re  ta k e n  a t f i v e  
depth--. : f  w a te r ,  T he o b je c t o f  th e  te s t w a s  to  c h e c k  th e  m ethod 
o f r a i l b r s i i o n .
The r e a d in g s  a n d  p re s s u re s  a re  ta b u la te d  in  A p p e n d ix  B 
a n d  a re  p lo t te d  in  F ig .  2 , T h e  c a lc u la te d  p re s s u re s  a re  
sh o w n  b y  th e  ' I r o ig h t  s o l id  l in e s .  I t  c a n  be  seen th a t  
some o f th e  v a iu e s ,  p a r t i c u la r l y  on  th e  le f t  h a n d  s id e  a re
q u i te  f a r  fro m  th e  I fn e .
(n  v ie w  o f  t h is  r a th e r  u n s a t is f a c to r y  r e s u lt  i t  w as  d e c id e d  
to  u se  te s t 25 i t s e l f  as th e  c a l i b r a t io n .  T he d i f f e r e n c e  be tw ee n  
th is  a n d  th e  p re v io u s  c a l ib r a t io n  w as  t h a t  th e  p la te s  w o u ld  
be  in  t h e i r  p o s it io n s  in  w h ic h  th e y  w o u ld  be w hen 
lo a d e d  w i t h  s a n d ,  i t  Is  t r u e  th a t  th e  s p a n s  on th e  h ig h e s t  
p la te s  w o u ld  h a v e  fe w e r  p o in ts  on  t h e i r  c a l ib r a t io n s  b u t
t h is  is  n o t too fim p o rta n t b e c a u s e  th e  p r e s s u r e  w i l l  be  lo w e r
n e a r  th e  to p  u n d e r  s a n d  a n y w a y .  T h u s  e a ch  c i r c u i t  in  top 
p la te s  1 a n d  4 h a s  o n ly  tw o  p r i n t s  o n  i t s  c a l ib r a t io n  c u r v e .  
T a b le  2 .5  g iv e s  th e  c a l ib r a t io n  fro m  te s t 25 th a t  w a s  f i n a l l y  
u s e d . F ig *  2 .1 0  show s th e  c o m p a r is o n  b e tw e e n  c a lc u la te d  
w a te r  p re s s u re s  an d  th e  r e s u lt s  f ro m  te s t 25 . T h e  f i t  is  
f a r  m ore  s a t is f a c to r y  th a n  b e fo re .
2 .8  C a l ib r a t io n  o f  lo a d
th e  s t r a in  g a u g e s  on th e  fo u r  C s h a p e d  b e n d in g  e le m e n ts
p la c e d  u n d e r  e a c h  le g  w e re  co n n e c te d  to  fo rm  a s in g le  b r id g e  
c i r c u i t ,  a s  m e n tio n e d  e a r l i e r .  F o r  c a l ib r a t io n s  th e  fo u r
e le m e n ts  w e re  loa de d  in  p a r a l l e l  in  . a  te s t in g  m a c h in e .
T h e  v o l ta g e  s u p p l ie d  to  th e  b r id g e  w a s  a d ju s te d  lo  m ake
1 m ic r o v o l t  c o r re s p o n d  as  c lo s e ly  a s  p o s s ib le  to  a n e w to n .
T h e  r e s u lt s  a r e  show n In  ta b le  '2 .6 .
2 -1 0
T a b le  2 .5  C a l ib r a t io n  fo r  n o rm a l p re s s u re  u s in g  
te s t 25 (w a te r  p re s s u re )
Span
P a /^ V
C o r r e la t io n
C o e f f ic ie n t
P la te
P s /? V
C o r r e la t io n
C o e f f ic ie n t
26 ,19 - 4 -
23 ,82 - 2 22 ,7 4 -
3 17,34 - 3 -
4 26 ,6 ? - 4 24 ,8 5 -
5 20,71 _ 19 ,62 -
1 26 ,4 8 0,998650 5 31 ,4 8 0,999978
2 24 ,1 9 0,999354 2 30 ,2 9 0,999924
3 22 ,46 0 ,99 98 10 3 -3 8 ,4 8 0,999491
4 22 ,20 0,99 98 23 4 24 ,6 9 0,99 98 63
21 ,06 0,999971 5 3 0 ,5 7 0,99 99 72
3 . 24 ,5 2 0,99 99 80 6 1 22 ,54 0,99 97 92
18 ,22 0 ,99 99 82 2 2 6 ,9 0 0,999760
3 25 ,4 2 0,999989 3 W .5 8 0,999895
4 23 ,16 0,999981 4 27 ,58 0,99 98 95
23,21 0 ,99 99 97 . 26 ,2 0 0,999931
N ote B r id g e  v o l ta g e  *  2 ,0  In  a l l  cases
T a b le  2 .6  C a l ib r a t io n  o f lo a d  c e l ls  w i th  
b r id g e  v o l ta g e  = 2,735












S lo pe  = 1,0031 N /( jV  
C o r r e la t io n  c o e f f ic ie n t  »  0 ,999946
2 .9  S u m m a ry
T a b le  2 .1  s u m m a ris e s  th e  m e a su re d  p r o p e r t ie s  o f  th e  s a n d . 
T he la r g e s t  w a l l  f r i c t i o n  a n g le  o b ta in e d  w a s  2 0 ,1 °  fro m  
th e  i r i a x ia l  te s t w i th  a s te e l p la te  a t 4 5 " .  T h is  w as  th e
v a lu e  use d  In  th e  c a lc u la t io n s  b e c a u s e  th e  v a lu e s  o b ta in e d  
fro m  th e  a c tu a l  te s ts , ta b le  3 .3  fo r  b ln  1 a n d  ta b le  3 .6  
fo r  b ln  2 w e re  g r e a te r  (2 1 ,0 *  a n d  2 3 ,4 *  r e s p e c t iv e ly } .
T he g r e a le r  v a lu e s  fo r  th e  b ln  (a s s u m in g  th a t  th e y  w ere
n o t a  r e s u lt  o f  e r r o r  In  m e a su re m e n t)  c o u ld  be du e  to
th e  In d e n ta t io n s  a t  c lo s e  c e n tre s  (39 x  40mm) w h e re  th e
c o u n te rs u n k  sc re w s  a t ta c h  th e  s h e e t to  th e  r ib s .  The
g la s s  f r i c t i o n  a n g le  o f 9 ,1 °  sho w s th a t  th e  en d  w a l ls  h a v e
some e f fe c t  on  t h i  b in  b u t m uch le ss  th e n  i f  th e y  w ere
m ade o f s te e l.
a tw o -d im e n s io n a l s tre s s  s ta te .  N o rm a l a n d  s h e a r  s tre s s e s  
c a n  be  m e a s u re d . T h e  w a l ls  c a n  be  In c l in e d  a t v a r io u s  
a n g le s .  S and Is  p o u re d  in  fro m  a b o v e  a n d  Ts le t  o u t  In  
c o n t r o l le d  a m o u n ts  a t a 30mm w id e  o u t le t  r u n n in g  th e  f u l l  
w id th  o f th e  b ln .  S a t is fa c to r y  c a l ib r a t io n  f o r  n o rm a l p re s ­
s u re s  w as  c a r r ie d  o u t b y  l i n in g  th e  b ln  w i t h  p la s t i c  a n d  
f i l l i n g  i t  w i th  w a te r .  C a l ib r a t io n  fo r  s h e a r  s tre s s  w as 
a c h ie v e d  w i th  a s h e a r  fo rc e  a p p l ie d  to e a ch  p la te  w h i le  
s u p p o r te d  on a c a M b ra l lo n  f ra m e . T he to ta l  w e ig h t In  th e  
b in  Is  m e a su re d  b y  fo u r  lo a d  c e l l s .  S a nd I§  c a u g h t u n d e r  
th e  b ln  w i th  a n  a u x l l l l a r y  b in  w h ic h  is  l i f t e d  a b o v e  th e .  
m od e l to  d is c h a r g e  In to  I t  u n i fo r m ly  o v e r  th e  f u l l  w id th .  ... 
R e a d in g s  o f w a l l  s tre s s e s  a r e  re c o rd e d  o n  a d a ta  lo g g e r  
w h i le  th e  g la s s  Is  m a rk e d  w i th  a g r i d  so th a t  th e  s a n d  
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3.1 T e s t p ro c e d u re
Tw o d i f f e r e n t  b in  sha p e s  w ere  te s te d , F i g . 3 .1 .  S hape ! h a d  
s t r a ig h t  s id e s  s lo p in g  a t  30° to  th e  v e r t i c a l .  S hape 2 h,ad 
a  v e r t ic a l  s id e ,  A B , fo rm e d  fro m  on e  p la te  a n d  a s lo p in g  
-b o ttd m , BC , fo rm e d  fro m  tw o  p la te s  a t  30° to  th e  v e r t i c a l .
b in  o r  le t  o u t  f ro m  I t .  T h u s  te s t 20 , s e t 5 ,  r e fe rs  to  th e  
f i f t h  se t o f  re a d in g s  ta k e n - in  test., 2,0.
T h e  ra w  d a ta  w a s  p ro ce sse d  b y  a c o m p u te r  p ro g ra m  w h ic h  
s u b tr a c te d  th e  I n i t i a l  r e a d fn g  f ro m  th e  r e a d in g  f o r  th a t
- ' s e t .  T h is  v a lu e  in  m ic r o v o lts  -was th e n  m u l t ip l ie d  b y  ,the ^
c a l ib r a t io n  c o n s ta n t $o p ro d u c e  e i th e r .  .^ 'n^rtha l 
a s h e a r  s tre s s '. T h e re  w e re  f i v e  no rm c.i s tre s s e s  
m e a s u re d  on e a c h  p la te  an d - o n e  a v e r a g e  s h e a r  s t re s s .  F o r  
e a ch  s e t ,  d e p th s  o f s a n d  w ere  r e c o n j ^ ' ' ; a t  h o r iz o n ta l  in t e r v a ls  
o f  lOOmm. T hese w e re  use d  to  th e  '"vo lu m e , and"
w i th  th e  m e a s u re d  w e ig h t th e  a v e r a g e -  d e n s i ty  f o r  th e  s e t .
T he w e ig h t w a s  a ls o  c a lc u la te d  f ro m  th e  m e a su re d  w a l l  S tre s s e s .
T h is  w a s  a lw a y s  le ss  th a n  th e  w e ig h t  d e te rm in e d  b y  th e  
lo a d  v e i ls  u n d e r  th e  le g s  o f  th e  b in .  T h e  d i f fe r e n c e  m ust 
be d u e  to  th e  f r i c t i o n  on  th e  g la s s  e n d  w a l ls ' 'a n d  th e  u p w a rd  , 
p re s s u re  a t  th e  30mm w id e  o u t le t .  T h e  s tre s s e s  w ere  th e re fo re  
in c re a s e d  b y  th e  r a t io  o f m e a su re d  to  sum m ed w e ig h t  so th a t  
d i r e c t  c o m p a r is o n s  c o u ld  be  m ade w i th  th e o ry .  T he f r i c t i o n  
on  th e  g la s s  w a s  a ls o  e v id e n t  d u r in g  d is c h a r g e  a s  th e  s u r fa c e  
d ro p p e d  s l i g h t l y  m ore b e tw ee n  th  g la s s  e n d s  th a n  a t  them .
3 .2  T e s ts  on b in  o f  s h a p e  1
S ix  te s ts  w e re  c o n d u c te d . T hese w e re  te s ts  20 , 21 , 22 , 23 ,
24 a n d  26 . T h e  e x p e r im e n ta l re a d in g s  a r e  g iv e n  In  A p p e n d ix  
C l a n d  th e  d e r iv e d  fa c to r s  a n d  s tre s s e s  in  A p p e n d ix  C 2. T a b le  
3.1 s u m m a rls a s  th e  r a t io s  o f m e a s u re d  to  sum m ed w e ig h t f o r  te s ts  
20 to  25 . The a v e ra g e  r a t io  is  1 ,2 4 . D e n s ity  v a lu e s  a re  summa­
r is e d  in  ta b le  3 .2 .
.  / . m u
In  e a c h  te s t s e v e ra l se ts  o f  3? r e a d in g s  w e re  ta k e n  vipn th e  




F ig u r e  3 .1  B ln  s h a p e s , d im e n s io n s , a n d  d a ta  lo g g e r  c h a n n e ls
T a b le  3 .1  R a tio s  o f  M ea su re d  W eig h t to  summed w e ig h t  
f o r  tes ts  20 to  24
~ ~ ^T e s t
S e h ^ .
20 21 24
2F 1 ,3 2 1 ,5 2 1 ,0 U 1 ,4 1,37
: 3F 1,17 1 ,1 9 I . H i'm 1,13
' . i p 1 1 ,2 6 1,23 t , i 7  ; ' , 3 2
5E 1 ,2 8 1,16 ' , 1 , 2 9 ' 1,20
6E 1 ,2 3 1,18 .1 ,1 6 1,31 4 ::i1 ,2 9 1 ,2 5 ' ' :'1 ,2 3 '' ' 1 ,33
BE 1 ,2 3 1,28 1,25 1,31
'9E 1,24 1,24 1,20 1,24
10E 1,16 1,24 .1 ,1 9 1,19 'r,2 3 ii ■
H E
12E
1 ,0 9 1,20
1,26
1,11 1,31 ’’1' •
F , =  f i l l i n g  E = e m p ty in g  A v e ra g e  » 1 ,24
6 S ta n d a rd  d e v ia t io n  = 0 ,0 8  . ii
T a b le  3 .2  Sum m ary of  D e n s itie s  f o r  T es ts  20 to  24 (k g /m * )
' ^ T ^ t 20 22 23 24
8Ft ' 1566 1672 1472 1723 1606
3F 1580 1591 1534 1655 1559
4F 1608 1533 1571 1649 1594
5E 1611 1549 1571 1652 1593
6E 153) 1594 1554 1664 1604
7E 1609 1592 1584 ' 1557 1606
8E 1615 1630 1584 ; 1661 1605 ‘
1620 1611 1583 % 1638 1617
10E 16)6 1628 1606 1632 1599
11E 1617 1612 1577 1532 1582
12E 1736 j.595
F = F i l l i n g  E = E m p ty in g ,• A v e ra g e  1602 k g '/m 3
S ta n d a rd  d e v ia t io n  43 k g /m 3
T h e re  is  q u i te  a ra n d o m  v a r ia t io n  in  d e n s i ty .  F o r  e x a m p le , 
fro m  s e t A to  se t 5 d e n s i ty  s h o u ld  d e c re a se  a s  th e  m ass 
loo sen s  up  to  d is c h a r g e ,  b u t  th e  v a lu e s  c h a n g e  In  th e  
re v e rs e  d i r e c t io n .  T h is  c o u ld  be  m a in ly  du e  to  d i f f i c u l t y  
in  e s t im a t in g  th e  a v e ra g e  s u r fa c e  h e ig h t  a t  ea ch  p o in t ,  
e s p e c ia l ly  d u r in g  e m p ty in g  w he n  du e  to  f r i c t i o n  th e  s u r fa c e  
is  h ig h e r  n e x t  to  th e  g la s s  th a n  I t  Is  in  b e tw e e n . T he 
a v e r a g e  v a lu e  o f 1602 k g /m 1 l ie s  b e tw ee n  th e  e x tre m e  v a lu e s  
fr'i>m sa m p le  te s ts  g iv e n  In  ta b le  2 .1 .
F r ic t io n  a n g le s  a re  ta b u la te d  f o r  e a ch  o f th e  s ix  p la te s  
fo r  e a ch  te s t .  Some o f th e  v a lu e s  a re  v e r y  d i f f e r e n t  fro m  
in  th re e  case s  th e re  Is  no  lo a d  on th e  p la te s  a n d  
s h o u ld  be  Ig n o re d -  F o r  -set 2 th e  s a n d  c o v e rs  th e  lo w e r  
p la te ,  f o r  s e t 3 th ;-  seco nd  p la te ,  a n d  s e t A f i l l s  th e  b in .  
A v e ra g e  f r i c t i o n  a n g le s  f o r  a i l  lo a d e d  p la te s  a re  show n 
In  ta b le  3 .3 .  x-
T a b le  3 .3  A v e ra g e  W a ll F r ic t io n  A n g les  fo r  tests 20 to  24 
(Degrees )    _ 1_ —
S e t-" - 20 21 22 23
2F 18 ,0 18 ,8 16 ,4 18 ,6 1 7 ,2
3F 2 0 ,6 2 1 ,2 19,1 21 ,8 19 ,2
4F 20 ,0 20 ,7 16 ,6 2 1 ,9  . 19,1
5E 20 ,6 18 ,8 1 6 ,9 2.1,7 19 ,3
be 19 ,9 18 ,8 1 8 ,8 21 ,8 19,4
7E 2 1 ,2 19 ,4 19 ,4 22,1 - 19,&
6E 2 2 ,8 * 2 0 ,3 1 9 ,4 23 ,9 2 0 ,0
9E 24 ,3 2 2 ,0 ' • •: S i ,  9 * 2 3 ,2 21,1
10E 24 ,6 22 ,4 2 2 ,2 2 2 ,B 2 2 ,1 *
11E 26 ,4 2 6 ,7 22 ,5 24 ,3 2 2 ,4
12E 2 4 .2 27 .4
F = F i l l i n g E = E m p ty in g
V is ib le  s l i d in g  on  w a l ls  n o tic e d
A v e ra g e  b e fo re  v i s ib le  s l i p  *  1 9 ,8 ' 
A v e ra g e  a f t e r  v i s ib le  s l i p  = 2 3 ,6 "  
O v e ra l l  A v e ra g e  = 21 ,0
T h e re  Is  q u i te  a w id e  s c a t te r  w ith  a m a rk e d  d i f f e r e n c e  be tw ee n 
th e  a v e ra g e  b e fo re  v i s ib le  s l i p  ( 1 9 ,8 ° )  a n d  a f t e r  ( 2 3 ,6 ° ) .  T he 
o v e r a l l  a v e ra g e  Is  .2 1 ° .  T h is  - co m p a re s  w i th  th e  la b o r a to r y  
v a lu e  o f 2 0 ,16 fro m  . t A f l t X W .  t
S e v e ra l g r a p h s  h a v e  be en  p lo t te d  sh o w in g  th e  w a l l  s tre s s e s  an d  
S u rfa c e  le v e ls .  F ig s .  3 .2  to  - 3.11 show  th e  n o rm a l w a l l  
p re s s u re s  fo r  f i l l i n g  a n d  e m p ty in g  i / o r  te s ts  20 to  2 4 , F i l l i n g  
a n d  e m p ty in g  p re s s u re s  h a v e  been show n s e p a r a te ly .  In  a^. 
ty p ic a l  c a s e , F ig .  3 .2 ,  d u r in g  f i l l i n g  n o rm a l s tre s s e s  In c re a s e  
i fro m  ze ro  a t  th e  s u r fa c e  to  a m ax im um  n e a r  th e  b o tto m , th e n  
th e re  is  a s l i g h t  d e c re a s e  a t  thfc lo w e s t p o in t . 1 T h e  p re s s u re  
c u r v e  is  n o t l in e a r  b u t  b u lg e s  o u tw a r d .  T he s u r fa c e  h a s  a 
f l a t t e r  s lo p e  in  th e  f i r s t  s e t th a n  In  th e  t ^ l r d  w h e re  I t  is  a t  
th e  a n g le  o f re p o s e . T h e  f l a t t e r  s lo p e  Is  d u e  to  th e  Im p a c t o f
- t h e - f a l l i n g  g r a in s  w h ic h  f a l l  f u r t h e r  f o r  s e t 1 th a n  f o r  se t 3 . 
A t th e  s ta r t  o f  d is c h a r g e ,  F ig .  3 . 3 . ,  se t 5 ,  th e  p r e s s j^ e  d ro p s  
a lm o s ts  to  z e ro  a t  th e  b o tto m  a n d  in c re a s e s  h a l fw a y  u p .  T hen
a s  th e  s u r fa c e  d ro p s  th e  p re s s u r e  g r a d u a l ly  d e c re a s e s . The
s u r fa c e  f la t t e n s  o u t a n d  bbcom es lo w e r in  th e  c e n t! 'a  s h o w in g
fa s te r  .m ove m e n t th e re , th a n  a t  tw o w a l ls .  T he p r e s s u r e  g ra p h  
f o r  ea ch  s e t is  n o t sm oo th  a n d  s lo p e s  c h a n g e  c o n s id e ra b ly  
lo c a l ly .
S om etim es lo c a l p e a k s  fo rm ,  f o r  e x a m p le , te s t 22 , F ig  3 .6 .  Two 
c o r re s p o n d in g  t /e a k s  fo rm e d  on e i th e r  s id e  ju s t  w h e re  th e  u p p e r  
p la te  o v e r la p s  th e  lo w e r .  T h is  s u g g e s ts  th a t  th e  s l i g h t  s te p s  
le n d  to  a c t  a s  a r c h  a b u tm e n ts . T he lo c a l p e a k s  re m a in e d  
Im p r in te d -  tin  th e  e m p ty in g  d ia g r a m , F ig .  3 .7 .  In  te s ts  23 an d  
2 4 , F ig s .  3 t9  to  3 .1 1 , p e a k s  fo rm e d  a t  th e  lo w e r la p s  o n ly .
T he m ax im um  f i b ' "  ' a n d  d is c h a r g e  p re s s u re s  fo r  e a c h  te s t a re  
c om p ared  in  to  3 .1 6 . A v e ra g e  s h e a r  s tre s s e s  a re  a ls o
sh o w n . In  • , th e re  Is  a m a rk e d  d i f f e r e n c e  be tw ee n
f i l l i n g  a n d  emH , , .  N o tic e  th e  s h e a r  s tre s s e s  In c re a s e  to w a rd s  
th e  bo tto m  In  f i l l i n g  a n d  th e n  d e c re a se  on th e  b o tto m  p la te  a r id  
In c re a s e  on th e  m id d le  p la te  fo r  e m p ty in g . T h e  v e r y  s l ig h t  
d ro p  in  s u r fa c e  le v e l show  th a t  th e  g r a p h s  s h o u ld  h a v e  
a p p r o x im a te ly  th e  sam e arenas.
T h e  n o rm a i f i l l i n g  p re s s u re s  a n d  th e  s u r fa c e  le v e ls  f o r  te s ts  20 
to  25 a re  c o m p a re d  In  F ig .  3 .1 7 . I t  c a n  be  seen th a t  a p a r t  
fro m  th e  p e a k s  th e re  Is  c lo s e  a g re e m e n t. T h e  n o rm a l e m p ty in g  
p re s s u re s  f o r  te s ts  20 to  24 a re  co m p a re d  In  F ig  3 .1 8 . A g a in  
th e re  Is  c lo s e  a g re e m e n t e x c e p t fo r  th e  p e a k s .
3 .3  A tte m p t to  d e te c t s w itc h  p re s s u re  In  b in  o f s h a p e  1"'
An a t te m p t w a s  m ade In  te s t 26 to  d e te c t th e  s w itc h  p re s s u re  
p o s tu la te d  b y  Jen Ik e  . F ig ,  3 .1 9  sho w s th e  u s u a l no rm a  I 
p re s s u re s  d u r in g  f i l l i n g .  F ig .  3 .2 0  sho w s th e  la s t  f i l l i n g  se t 
a n d  s e ts  5 ,  6 a n d  7 d u r in g  e m p ty in g .  F ig  3.21 sho w s  s e ts  7 to  
10 d u r in g  e m p ty in g .  B e fo re  e a ch  e m p ty in g  s e t o n ly  1 k g  o f 
s a n d  w a s  d is c h a r g e d .  T h e re  Is  a s u d d e n  c h a n g e  f ro m  f i l l i n g  to  
e m p ty in g  p re s s u re s  fro m  s e t A  to  s e t 5 { F ig .  3 .2 0 ) .  T h e re a f te r  
to  s e t 10 th e r e  is  a g r a d u a l  ch a n g e , f u r t h e r  to w a rd s  th e
e m p ty in g  d i s t r i b u t io n  b e tw e e n  s e ts . T h e re  Is  n o  e v id e n c e  o f  a 
la r g e  p o in t  lo a d  m o v in g  do w n  th e  b ln  a s  p o s tu la te d  in  th e  
s w itc h  th e o ry ,  F ig .  1 .17 .
3 .4  T e s ts  on  b ln  o f  s h a p e  2
F iv e  te s ts ,  27 to  31 , a s  n e a r ly  Id e n t ic a l  a s  p o s s ib le  w e re ^  
c o n d u c te d  o h  r h a p e  2 . F o r  se t 1 th e  b ln  w a s  e m p ty , a n d  fo r  
se t 2  I t  V f is i- -r „e m p le te ly  f u l l .  In te r m e d ia te  f i l l i n g  case s  w ere  
le f t  o u t a s  th e y  w o u ld  b e  th e  sam e a s  fo r  s h a p e  1 . T he
e x p e r im e n ta l re a d in g s  ( ra w  d a ta )  a r e  g iv e n  in  A p p e n d ix  D1 
a n d  th e  d e r iv e d  f a c to r s  e n d  s tre s s e s  a r e  g iv e n  In  A p p e n d ix  02 .
T h e  r a t io s  o f  m e a su re d  to  sum m ed w e ig h t  a re  su m m a ris e d  in  . 
ta b le  3 .4 .  T h e  a v e ra g e  Is  1 ,1 8  e n d  Is  le fts th a n  th e  a v e ra g e  o f 
1 ,25  f o r  s h a p e  1, ta b le  3 .1 .  D e n s ity  v a lu e s  a re  su m m a ris e d  In
ta b le  3 .5 .  A t 1596 k g /m 3 th e  a v e ra g e  Is  le ss  th a n  th a t  f o r  b ln
I a t  1602 k g /m 3 . In  v ie w  o f th e  s iz e  o f th e  s ta n d a r d  d e v ia t io n  
w h ic h  Is  43 k g / m 3 f o r  s h a p e  I a n d  24 k g / m 1 fo r  sh a p e  2 , th e  
d if f e r e n c e  Is  n o t s ig n i f i c a n t .
T h e  m e a su re d  w a l l  f r i c t i o n  a n g le s  a r e  g iv e n  In  ta b le  3 .6 .  l i  
w as  fo u n d  th a t  th e  f r i c t i o n  a n g le  w as  g r e a te r  w hen m ovem ent 
w a s  n o t ic e d  I n 1 b ln  I ,  ta b le  3 .3 .  T h e  f r / e t lo n  a n g le  f o r  b ln  2 
a v e ra g e s  2 6 , t 6 on th e  v e r t i c a l  w a l ls  a n d  22 ,1 on th e  s lo p in g  
w a l ls ,  w i th  a n  o v e r a l l  a v e ra g e  o f 2 3 ,4 "  co m p a re d  to  th e  o v e r a l l  
a v e r a g e  o f  2 1 " f o r  b ln  I .  The h ig h e r  v a lu e  f o r  b ln  2 Is  ca u s e d  
b y  i t s  sh a p e  w i th  v e r t ic a l  w a l ls  w h ic h  m o b il is e  f r i c t i o n  m ore 
e f f e c t iv e ly .
T a b le  3 .4  R a tio s  o f M easu red  W eig h t to  Summed (W eight 
f o r t e s , ^  < 3 ,  \  '
' ...
28 30 31
2F { 1 ,2 ! 1 ,37 1,23 1,18
3E - 1 ,1 8 1,13 1,21 1,15
4 £ - 1 ,1 9 1,14 1 ,2 0 1,16
v  .
6E
- 1,16 1,14 1,20 M 6
1,19 1,119 1,14 1,21 1,20I ?E 1,17 1 ,1 9 1,16 1,22
1,15
1,12
F *  F i l l i n g  e E m p ty in g  A v e ra g e  *  1 ,18  
S ta n d a rd  dev#-g t*b n  = ,0 ,0 3 .
3-B
T a b le  3 .5  Sum m ary o f D e n s itie s  fo r  tes ts  27 to  31 ( kG /m 1 )
27 ,,, 28 29 30 31
2F 1607 1539 1573 1585 1578
3E 1599 1569 1585 .. 1579 1566
4E 1615 , 1606 1584 1604 1579
5E 1612 1614 1581 1605 1592^
6E 1623 1607 1596 1606 1601
7E 1622 1629 1593 1610
6E 1621
9E 1673
= F i l l i n g  E = E m p ty in g  A v e ra g e  = 1596 k g /m *  
S ta n d a rd  d e v la H o n  » 24 k g /m s
T a b le  3 .6  A v e ra g e  W a ll F r ic t io n  A n g les  fo r  tes ts  27 to  31 
(D e g ree s)
"""--s^est
S e l ' \
27 28 30 31
2F 23 ,2 22 ,4 21 ,6 22 ,9 23 ,9
3E 2 3 ,2 22 ,9 22 ,2 24,1 2 3 ,9
4E 2 3 ,2 23,1 22 ,5 2 3 ,3 2 4 ,0
5E 2 3 ,5 22 ,4 22 ,4 23,1 23 ,5
6E 23 ,6 22 ,8 2 2 ,0 2 3 ,2 24 ,6
7E 2 5 ,8 22 ,9 22 ,5 2 3 ,0
8E 29 ,7
9E 23 ,9
A v e ra g e  on v e r t ic a l  a id e s  = 2 6 ,1 °  
A v e ra g e  on s lo p in g  p a r ts  = 22,1 
O v e ra l l  a v e ra g e  = 2 3 ,4 "
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F ig s .  3 .2 3  to  3 .3 2  show  e x p e r im e n ta l p re s s u re s  a n d  s u r fa c e  
le v e ls  fo r  th e  f i v e  te s ts  27 to  31 on  b ln  s h a p e  2 . F o r  te s t 27 , 
F fg .  3 .2 3 , a  f u l l  b ln  se t 2 , h a s  a  s u r fa c e  s lo p in g  a t  th e  a n g le  
o f re p o s e  a n d  a n  a lm o s t l in e a r  In c re a s e  o f p re s s u r e  do w n fro m  
th e  s u r fa c e  on  th e  v e r t ic a l  w a l ls .  On th e  s lo p in g  w a l ls  th e  
p re s s u re  In c re a s e s  a lm o s t l i n e a r ly ,  d e c re a s in g  in  a s l i g h t  
c u r v e  fro m  th e  l in e  a t th e  to p  a n d  b o tto m  o f th e  s lo p e . A t th e  
s ta r t  o f  e m p ty in g ,  s e t 3 , th e re  Is  no  d e te c ta b le  d ro p  In  th e  
s u - fa e e  b u t  m a rk e d  c h a n g e s  In  p r e s s u re . On th e  v e r H c a l  w a l ls  
th t i s h a p e  Is  u h -.h a n g e d  b u t  p re s s u re s  In c re a s e . On , th e  s lo p in g  
w a l ls  th e re  Is  a c o m p le te  c h a n g e  In  s h a p e . T h e  p re s s u re  d ro p s  
to  n e a r  z e ro  a t  th e  o u t le t  a n d  th e n  in c re a s e s  u p  th e  s lo p e  to  
c ro s s  th e  f i l l i n g  l in e  a n d  th e n  d e c re a se s  a b i t  a t  th e  to p  o f 
th e  s lo p e . A p d is c h a r g e  p ro c e e d s , th e  s u r fa c e  d ro p s , s e ts  3 to  
6  a n d  th e r e  i s  a g r a d u a l  In c re a s e  In  p r e s s u r e  o n  th e  v e r t ic a l  
w a l ls  w i th o u t  m uch  c h a n g e  In  s h a p e , to  a b o u t 50% m ore th a n  
th e  f i l l i n g  c a s e , s e t 2 .  T h e  p re s s u re s  on th e  s lo p e s  c h a n g e  
s l i g h t l y  w i t h  f u r t h e r  d is c h a r g e .  Some o s c i l la t io n  Is  e v id e n t .  
F !g .  3 .2 4  sh o w s  th e  c h a n g e  In  p re s s u re s  a s  th e  s u r fa c e  le v e l 
d ro p s  e v e n t u a l ly  to  th e  w a l l  ju n c t io n .  T h e  s u r fa c e  f la t te n s  o u t  
a n d  e v e n t u a l ly  s fo p e s  to w a rd s  th e  c e n tre  s h o w in g  fa s te r  
m ovem ent th e r e ,  I t  w a s  n o t ic e d  th ro u g h  th e  g la s s  th a t  a 
c e n t r a l  c o lu m n  o f  250mm w id th  m oved d o w n w a rd s  w i th  ' l i t t l e  
n o t ic e a b le  m ovem ent o u ts id e  I t .  A s th e  s u r fa c e  d ro p s  th e  
p re s s u re s  on  th e  v e r t ic a l  w a l l  d e c re a s e . On th e  lo w e r  p a r ts  o f  
th e  w a l ls  th e  p re s s u re s  re m a in  v i r t u a l l y  u n a lte r e d  b u t  
p re s s u re s  re d u c e  a t  th e  to p  as  th e  s u r fa c e  d ro p s , u n tU  th e y  
a ^e  z e ro  w he n  th e  s u r fa c e  Is  a t  th e  J u n c t io n  o f  s lo p in g  a n d  
v e r t ic a l  w a l l .  T h ro u g h  a l l  th e  te s ts ,  F ig s .  3 ,2 3  to  3 .3 2 , no  
p re s s u re  p e a k s  w e re  fo rm e d  as  f o r  s h a p e  1.
M ax im um  f i l l i n g  a n d  e m p ty in g  p re s s u re s  a re  co m p a re d  fo r. te s ts  
27 to  31 In  F ig s .  3 .3 3  to  3 .3 7 . S h e a r s tre s s e s  a r e  a ls o  sh o w n , 
A m a rk e d  d i f f e r e n c e ,  F ig .  3 ,3 3 , c a n  be  seen be tw ee n  f i l l i n g  
a n d  e m p ty in g .  T h e re  is  a b ig  In c re a s e  In  p re s s u re  on th e  
v e r t ic a l  w a l ls .  T h e re  Is  a ls o  o n  In c re a s e  In  s h e a r  s tre s s , T h e re  
Is  a b i g - c h a n g e  In  p re s s u re  d is t r i b u t io n  on  th e  s lo p in g  w a l ls .  
T he p re s s u re  In c re a s e s  a t th e  to p  o f th e  s lo p e  and d ro p s  a lm o s t
to  z e ro  a t  th e  b o tto m . T h e  s h e a r  s tre s s  c h a n g e s  fro m  a 
fv iax im um  a t  th e  bo ttom  o f  th e  s lo p e  to  a m ax im um  a t  th e  to p .
M a x im u m  f i l l i n g  p re s s u re s  a re  co m p a re d  In  F ig .  3 .3 8 , T h e re  is  
v e r y  c lo s e  a g re e m e n t. A s l i g h t  a s s y m m e try  is  e v id e n t  b e tw ee n  
s id e s  w h ic h  show s a s m a ll In a d e q u a c y  in  th e  m e a s u r in g  s y s te m . 
P re s s u re s  in c re a s e  a lm o s t l i n e a r ly  on  th e  v e r t ic a l  w a l ls  do w n 
fro m  th e  s u r fa c e .  P re s s u re s  o n  th e  b o tto m  a re  a lm o s t H n 6 a r ,  
d r o p p in g  o f f  s l ig h t fy "  a t  th e  to p  a n d  bo tto m  o f  th e  s fo p e . 
M a x im u m  e m p ty in g  p re s s u re s  a r e  c o m p a re d  In  F ig .  3 .3 9 . T h e re  
t is  e x c e l le n t  a g re e m e n t on th e  v e r t ic a l  w a l ls  a n d  e v id e n c e  o f  
'^ g m e  o s c i l la t io n  on  th e  s lo p in g  w a l ls  a lth o u g h  a g re e m e n t Is  
g o o d . A g a in  s l ig h t  a s s y m m e try  is  e v id e n t .
On th e  v e r t i c a i  w a i fs  p re s s u re s  in c re a s e  a fm o s t f ln e a r / y  a n d  •
^ r e = a b b u t 50% g r e a te r  th a n  f o r  f i l l i n g .  F ig .  3 .3 8 . P re s s u re s ___
a r e  s m a ll  a t  th e  bo tto m  o f  th e  s lo p e  a n d  in c re a s e  a lm o s t 
l i n e a r ly  a t  f i r s t  to  re a c h  a m a x im u m  a t  a b o u t 70% o f  th e  s lo p e  
le n g th  a n d  th e n  d e c re a se  a b i t  a t  th e  to p  o f th e  s lo p e .
3 .5  A tte m p t to  d e te c t s w i tc h  p re s s u r e  in  b in  o f  s h a p e  2
T e s t 31 w as  use d  f o r  th is  p u rp o s e . F ig .  3 .3 0  show s th e  f i l l i n g  
c o n d i t io n ,  s e t 2 , a n d  th e  s t a r t  o f  e m p ty in g ,  s e ts  3 to  6 .  V e ry  
s m a ll  a m o u n ts  o f s a n d  w ere  d is c h a r g e d  be tw ee n  ea ch  s e t ,  a b o u t 
1 k g  a t  a t im e . T h e re  Is  a m e a s u re a b le  d i f fe r e n c e  in  p re s s u re s  ,
b e tw e e n  se ts  3 to  6 , w i th  some o s c i l la t io n  lo w e r  d o w n . F ig .
3.31 c o n t in u e s  to  m o n ito r  v e r y  s m a ll c h a n g e s  fo r  a d d i t io n a l  
d is c h a r g e .  F ig .  3 .3 2  show s la r g e  d ro p s  In  s u r fa c e  lev<?l -and
e v e n tu a l d e c re a se  in  p r e s s u r e .  No s w itc h  p re s s u re  in  th e  fo rm
o f a m o v in g  p o in t  lo a d  w a s  d e te c te d  a s  p o s tu la te d  b y
J e n ik e  (22 ) , F ig .  1 .1 7 .
3 .6  S u m m a ry
In  t h is  c h a p te r  th e  e x p e r im e n ta l r e s u lt s  a re  g iv e n  
fo r  e a ch  b in  s h a p e  re a s o n a b le  a g re e m e n t w a s  ob t/ 
f i v e  te s ts  fo r  fV l l ln g  a n d  e m p ty in g , 
d if fe r e n c e  b e tw e e n  f i l l i n g  a n d  e m p ty in g  
p re s s u re  c o u ld  be  d e te c te d . Even an 
s a n d  w o u ld  caL ise a - ta r g e  c h a n g e  f n  
p re s s u re s  o v e r  th e  w h o le  w a l l  w ith o u t 
D e n s it ie s  af>.d w a l l  f r i c t i o n  a n g le s  w e re  I 
w i th  v a lu e s  m e a s u re d  on S a m p les .
F ig u r e  3 .2  T es t 20 : F i l l i n g
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Figure 3.5 Test 21 : Emptying
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Figure 3 .6  Test 22 : F illing
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Figure 3 .9  Test 23 : Emptying
Figure 3.10 Test 24 t F illin g
F ig u r e  3.11 T e s t 24 : E m p ty in g
F ig u r e  3 .1 2  le s t  20 : F I I l in g  a n d  e m p ty in g
$ N (M
F ig u re  3 .1 3  T e s t 21 : F l l l l n g  a n d  e m p ty in g
F ig u r e  3 .1 4  T e s t 22 : F I l l ln g  a n d '  :m p ty ln g
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Figure 3.20 Test 26 : Switch pressure detection (1)
F ig u re  3 .21 T e s t 26 : S w itc h  p re s s u re  d e te c t io n  (2 )
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Figure 3.22 Test 26 : Switch pressure Detection (3)
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F ig u r e  3 ,3 9 Tests 27 to 31 •; "Comparison of emptying pressures
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CHAPTER 4
THEORETICAL PRESSURE DISTR IB U TION S -  B IN  1
4.1  M e 'thods f o r  a n a ly s in g  p re s s u re s
A d is t in c t io n  Is  m ade be tw ee n  m ethods a p p l ie d  to  th e  f i l l i n g  
case a n d  m e th od s  a p p l ie d  to  th e  e m p ty in g  c a se . A l l  th e  m ethods 
h a v e  t h is  In  common : th e y  a re  s im p le  a n d  e a s i ly  a p p l ie d .  
F o r re fe re n c e  e a ch  a n a ly s is  Is  g iv e n  a n u m b e r w i th  a 1 p r e f ix  
F fo r  f i l l i n g  a n d  E fo r  e m p ty in g . N um be rs  f o r  b in s  1 and^ 
2 m a y  no t n e c e s s a r ily  be  th e  sam e.
4 .2  G e om etry  f o r  f i l l i n g  X  J
F o r  b ln  1 , f i v e  te s ts ,  2o to  24 , w ere  co m b in e d  f o r  co m p a r iso n  
w i th  th e  v a r io u s  th e o r ie s . F ig .  4.1  sh o w s  th e  c o n f ig u r a t io n  
a n d  ta b le  4.1  sho w s th e  d e r iv a t io n  o f  th e .  a v e ra g e  v a lu e s .
3 4 6
T a b le  4 ,1  V a lu e s  for B ln  1 to  b e used In  A n a ly s is  
o f F i l l in g
A v e ra g e  d e n s ity  = ( 1608+1533+1571 +1649+1594)/5  = 1591 k g /m 3 
N ote; I t  w as  d e c id e d  to  use th e  o v e r a l l  a v e ra g e  v a lu e  fro m  
ta b le  3.1  o f  y = 1602 k g /m 1 = 15716 N /m s
S u rfa c e  h e ig h ts  mn
Tes t - 2 4 5 6 7 8
20 520 600 660 720 780 725 660 605 570
21 4 575 590 650 71 S. 780 725 660 600 575
4 570 590 660 720 700 725 665 605 580
575 595 650 ,715 780 720 655 600 575 •
. .  . f
580 610 675 740 785 730 670 610 x
A v e ra g e 564 596 659 722 781 725 662 604
A v e ra g e  b o th s ide s 781 723 660 600 %570
S u rfa c e  s lo p e  = a tn  ( 781 3q0600 )
= 3 5 ,1 °  (co m p a re  w i t h  3 1 ,0 *  ta b le  2 . f )  
C o n ta in e d  w e ig h t -  15715 x  (0 ,8 0 7  x  0 ,3 4 4  -  0 ,01 5  x  0 ,0 2 6 )
= 4357 N p e r  m e tre  w id th
4 .3  F i l l i n g  p re s s u re s  -  b ln  1
4 .3 .1  F I ^ A c t iv e  s ta te  p r e s s u r e
The v e r t ic a l  p re ssure) a t  a n y  d e p th  is  g iv e n  b y
°x = r h  4 .1
a n d  th e  h o r iz o n ta l p re s s u re  b y
'V *  rk u  4.2
w h e re  k “  a c t iv e  p re s s u re  c o e f f ic ie n t
F o r  e q u l l ib r iu m  p e r p e n d ic u la r  to  th e  s lo p e , F ig .  4 .2
0^ = 0*  s in 1,30 + o y  c o s ‘ 30
== (0 ,2 5 *0 ,2 8 4 6  x  0,73-) -  0 ,4 6 3 5 0 ^  4 .4
F o r  e q u i l ib r iu m  p a r a l le l  id  th e  s lo p e  
t w *  ( -  <^)s ln3 0co s30
«= 0 ^ (1 -0 ,2 8 4 6 )  x  0 ,5  ■% 0 ,86 6  = 0 ,3 0 9 8 o x  4 .5
A t bo ttom b * 781 mm
«"» Qx * >5716 x  ,,7 61 .. - 12274 M /m 1
\
* 0 ,28 46 x 12274 « 3528 M /m ’
° 0 ,46 35 x 12274 = 5688 N /m a
Tw - 0 ,30 98  x 12274 = 3802 N /m 3
A n g le t w ■e B tn  jw = a tn (38 02 /56 88 )=  3 3 ,B6
T h is  exce ed s  th e  w a l l  f r i c t i o n  a n g le  = 2 0 ,1 3 * .
T he s tre s s  Is  show n p lo t te d  In  F ig .  4 ,2 .  N ote -  I t  Is  assum ed 
th a t  th e  s h e a r  s tre s s  on th e  v e r t ic a l  a n d  h o r iz o n ta l  ( / i . in e s .
4 . 3 .2 .  F2 E q u i l ib r iu m  o f fo rc e s  -  l in e a r  d is t r ib u t io n  o f o ^
T he r e s u lt a n t  h o r iz o n ta l  fo rc e  H a t th e  c e n tr e l in e  a c t in g  
on h a l f  th e  c o n te n ts ,  F ig .  4 .3 ,  Is  assum ed to  a c t a t  one 
t h i r d  th e  h e ig h t .  T h is  fo rc e  to g e th e r  w i th  th e  w e ig h t o f
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h a l f  th e  c o n te n ts  m us t b a la n c e  th e  r e s u lt a n t  .fo rc e  
.the s id e  w h ic h  Is  In c lin e d  a t  th e  a n g le  o f w a ll 
to  th e  n o rm a l.  The p re s s u re  d i s t r i b u t io n  on th e  
assu m ed  to  b e  l in e a r .  From  th e  v a lu e  o f  R a n d  I ts  
th e  e x tre m e  v a lu e s  ca n  be  fo u n d .  T h is  does no t 
a z e ro  p re s s u re  a t  th e  s u r fa c e .
F ig u r e  4 . 2 : A c t iv e  s ta te  p re s s u re
W = 4382 = 2191 N fro m  ta b le  4 .1 .
F o r vertica l equlliliVlum R s in 5 0 ; i3 a *  W = 2191 N 
R ■ 2855 N
N orm a l com p on en t N *  R c o s 2 0 ,t3 a = 2681 N
P, ■ -p- 6 ‘ 8 1 - X 2661 X ( 2 /3  X 0 ,6 6 6  -  0 ,25 96 )
= 6653 N /m 1
p2 = T 6 S e T  *  2681 X (0 ,2 59 6  -  0 ,6 5 6 /3 )
= 1496 N /m a
f r ic t io n
p o s it io n




4 . 3 .3  F3 E q u i l ib r iu m  o f O rces -  p a r a b o l ic  d i s t r i b u t io n  o f <?w
T h is  m ethod Is  an  im p ro v e m e n t dV er F2 as i t  a l lo w s  a ze ro  
w a l l  s tre s s  a t th e  fre e  s u r fa c e .  T h e  a r ra n g e m e n t o f  fo rc e s  
16 s t f l l  a s  In  F ig .  4 .3 .  T h e  p a r a b o la  used is  show n In  F ig .  
4 .4 .
L e t th e  e q u a t io n  be p  # a x  + b x z .
+ b x )  d x  H y - , a  + ^ . b  = N
f  p x d x  = f  ( a x * +  b x )  d x  = ^ T * a + T  -b
J o
0 )







In te rs e c t io n  o f " ^  w i th  s id e
F ig u re  4 .3  F2 : E q u t lib r lu m  o f fo rc e s
w ith  L in e a r  d is t r ib u t io n  o f o ^
F ig u re  4 .4  '• F3 E q u i l ib r iu m  ( i f ,  fo rc e s  w i th  
p a r a b o l ic  d i s t r i b u t io n  o f
( t )  a n d  (
From  4 .3 .5  
from  F ig .
b = 
V a lu e s  o f
f l )  a re  s o lv e d  fo r  a a n d  b  :
4 .10
1 N -  2681 N 
4 ,3  L  *  0 ,658m ,
g  -  0 ,6 5 8  -  0 ,2 6 0  = 0 ,3 9 8  m 
7 2 (0 ,6 5 8 /4  -  0 ,3 9 8 /3 )  2 6 8 1 /0 ,6583 »  21 569 
7 2 (0 ,3 9 8 /2  -  0 ,6 5 8 /3 )  2 6 8 )/0 ,6 S 8 4 « - 2 0  936
p re s s u re  w i t h  s lo p e  d is ta n c e  fro m  th e  fr e e  s u r fa c e  
In  ta b le  4 .2  .
-  7 2 (L /4  -  g /3 )  S
-  72 (g /2  -  L /3 ) - ! i-
0 0 ,05 8 .0 ,1 5 8  0 ,25 8 0,35 8 0 ,45 8 0,558 0 ,65 8
p N /m 2 0 1181 2895 4171 5038 5487 5516 5127
4 . 3 .4  F4 W a lk e r  th e o ry  f o r  t i l l i n g
T h is  m e th od  Is  s im i la r  to  F I In  th a t  s h e a r  on v e r t ic a l  p la n e s  
Is  assum ed to  be z e ro . T h e  s lo p in g  s u r fa c e  is  a v e ra g e d  
o u t a s  s u rc h a rg e  a n d  tHe h o r iz o n ta l  p re s s u re  Is  d e te rm in e d  „ 
so th a t  th e  c o r re c t f r i c t i o n  a n g le  Is  o b ta in e d  a t  th e  w a l l ,  
F ig .  4 .5 :
Figure 4 .5 :F t W alker's  Theory for fillin g
V e r t ic a l  p re s s u re  c>w = Y h
fo r  v e r t ic a l  e q u i l fb r f u m
°\n s in 6 w + 0w t a n * w co s6 w = cx  • co se w
°w "  1 + ta n $ w c o t9^  = 0.6117 4.11 -
Y = 15716 N /m , * w= 2 0 ,1 3 °  6 = 30 =
»w = 15716 h x  0 ,61 17 = 9613 h N/m"
A t to p  h = 0 ,10 43  m , = 9613 x  0 ,10 43  = 1003 P a .
a t  b o tto m  h = 0 ,67 43 m , ' a w ‘ = 9613 x  .0 ,6 7 4 3  = 6482 P a .
F ig u re  4 .6  i F5 C o -o rd in a te s  /o r  B o o th 's  P i le  T h e o ry  
4 .3 .5  F5 B o o th ’ s p i l e  t h e o r y ^
T he  s tre s s e s  w i t h in  a p i l e  o f g r a n u la r  m a te r ia l ,  F ig .  4 .6
a re  re p re s e n te d  a s  p o ly n o m ia l fu n c t io n s  in  r ,  th e  r a t io
o f th e  h o r iz o n ta l d is ta n c e  fro m  th e  c e n tr e l in e  o f  th e  p i le
to  th e  p o in t  c o n c e rn e d , to  th e  h o r iz o n ta l d is ta n c e  fro m  th e
c e n tr e l in e  to  th e  s u r fa c e .  I f  th e  b in  is  now im a g in e d  w i t h in
. "  . q  :
- . . .  l . . . ' : . ? #
th e  p i l e ,  F ig .  4 .7 ,  th e
V",
m a y  be  c a lc u la te d  a lo n g  
a n d  Tx y . F ig .  4 .7  a ls o
fo r  p o in ts  on th e  w a l l .  In
: t a n * w w f l l  n o t be  s a t is f ie d .  
T h e re  Is  no  d is t in c t io n  m ade b e tw ee n  th e  a n g le  o f  rep ose
a n d  th e  in te r n a l  f r i c t i o n  a n g le .  T h e re fo re  th e  s u r fa c e  ha s
been a d ju s te d  s l i g h t l y  to  a n  a n g le  o f re p o se  o f  34* w h ic h
is  c lose  to  th e  In te r n a l  f r i c t i o n  a n g le  o f 3 3 ,8 ° .  T h e  nominal 
p re s s u re  on  th e  w a l l  is  show n as  th e  d o tte d  l in e  In  V l g .
___ ___
T/ I  &
a  p i le  o f  sand
Values of constants for fric tion  angle 6 = 3.4*.
T = 15716 .N/m 3
k = 0 ,20272 e = 0,52362
A = 0 ,04 97 , F e 0 j36662
B = 0.06242
C = - ~ t),63575
V e r t ic a l  c o m p re ss ive  s tre s s
<5* = Yb ( A r4 + B r 3 + C r2 + E)
H o r iz o n ta l c o m p re ss ive  s tre s s
{ |  A r4 + ^  B r3 + g- C r2 ) + Y b kE  4 .13
S h e a r  s tre s s  Y h r  ■? a i  i  i 9 • , —
' k y  ‘  " E S t 1 5 A r  4 1  B r  4 3 C r - E )  + T b r  4 .14
T he w a l l  s tre s s e s , F ig .  4 .6  a r e  g iv e n  b y  th e  s ta n d a r d  c o n v e rs io n  
ow  = ox s in , e ■¥ o ^ c o s ’a + a f ^ ^ s in a  c oso  4 ^
*  r ^ y fc o s ’ o -  s i 'n ’o ) + ( -  oy ) s in “ co s«  . 4 .1 6
Figure 4 .8  : Determination of wall stresses
T a b le  4 .3  g iv e s  th e  s tre sse s  a t v e r t ic a l  in t e r v a ls  o f  100mm. 
T he seco nd la s t  co lu m n  show s th e  r e s u lt in g  a n g le  .,;bf w a l l
'C
p i le
The r e s u lt s  fro m  B o o th 's  p i le  
p ro d u c e  th e  r i g h t  f r i c t i o n  a n g le  a t  th e  w a l l .  T h is  Is  e q u iv a le n t  
to  in t r o d u c in g  a n  a d d i t io n a l  h o r iz o n ta l s t re s s ,  F ig .  4 .9 :
. s i n ^  + a ) = ow s ln a
ow = 2 0 ,1 °  a n d  a = 3 





M  2 5  3 5 5 %
< . 5  5 : 5  s s
§§S§§
4-13';.
4 . 3 .7  F7 F ra m e w o rk  th e o ry  10^
I f  th e  m a te r ia l in  th e  b ln  ha s  i t s  I n te r n a l  f r i c t i o n  
f u l l y  m o b ilis e d  i t  Is  s a id  to  be In  a c r i t i c a l  s ta te ^ 17i  I t  is  
p o s s ib le  to  show  th a t  th e re  a re  tw o se ts  o f  p la n e s  on w h ic h  
l im i t in g  f r i c t i o n  o c c u rs . T he se p la n e s  a re  In c lin e d  a t  9 0 - fi!1, 
e a ch  o th e r ,  F ig .  .4 .1 0 .  T h e  d i r e c t io n  o f th e  m a jo r  p ^ ln c lp a t i  
s tre s s  Ug - b is e c ts  th e  a n g le  so th a t 0| Is  I n c l in e d  - to .  e l th eh  
se t o f s l ip  l in e s  a t  a n  a n g le  o f  |j = 45 -  6 /2  4 .1 9
F ig .  4 .1 0  show s th a t  th e  r e s u lt a n t  s tre s s  on ' a  s l ip  l in e  
o f one ty p e  Is  p a r a l le l  to  th e  o th e r  ty p e  o f s l i p  l in e  . F o r 
a n a ly s is  th -s  e n a b le s  th e  re p la c e m e n t o f  th e  m a te r ia l  (s a n d )  
b y  a fra m e w o rk  m ode l in  w h ic h  th e  w e ig h t o f  th e  m a te r ia l 
. in  th e  d ia m o n d  s h a p e d  e le m e n t is  c o n c e n tra te d  a t  a  node 
p la c e d  a t  th e  e le m e n t c e n t r o id .  M em bers th e n  fra rp e  In to  
th e  node p a r a l le l  to  th e  s l i p  l in e s ,  F ig .  4 .1 1 . S tre sse s  a re  
fo u n d  a t  a w a l l  o r  a lo n g  a g iv e n  l in e  b y  d i v id in g  th e  fo rc e s  
b y  th e  m em ber S p a c in g  a lo n g  th e  w a ll  o r  l in e .  I t  h a s  been 
show n th a t  e x a c t r e s u lt s  a re  o b ta in e d  f o r  th e  c la s s ic
a c t iv e  a n d  p a s s iv e  p re s s u re  s ta te s  In  a u n ifo rm  m ass w ith  
" h o r iz o n ta l s u r fa c e .  T he p r in c ip a l  l im i ta t io n  o f  th e  m ethod
'I s  In  d e te rm in in g  th e  c o r r e c t  o r ie n ta t io n  a n d  e x te n t  o f  th e  
s l ip  l in e  f i e l d .  D u r in g  f i l l i n g  th e  m a jo r  p r in c ip a l  s tre s s  
w i l l  p r o b a b ly  be  v e r t ic a l  on  th e  c e n tr e l in e .  F ig .  4 .1 2  show s 
a fra m e w o rk  w i t h  s t r a ig h t  m em bers a r r a n g e d  so th a t  o g 
Is  a lw a y s  v e r t i c a l .  T he d o tte d  l in e s  In d ic a te  e x t r a  h o r iz o n ta l 
m em bers r e q u ir e d  to  p r e s e r v e  th e  c o r re c t w a l l  f r i c t i o n  a n g le  
fo r  v e r t ic a l  e q u i l ib r iu m  a t  a sup po rt
R s ln 5 0 ,10 = F c o s 2 8 ,10 + W
R = 1,149F  + 1 ,303W 4 .^ 0
T he re a c t io n s  a n d  n o rm a l s tre s s e s  fro m  th e  s u r fa c e  down 
a re  show n In  ta b le  4 .4 .  T he s p a c in g  dow n th e  s lo p e  Is  40mm.
T h e re fo re  th e  n o rm a l s tre s s  is  g iv e n  by
ow = R cos20,1 c 25 ,33F  + 26,9eW  P a .




F ig u r e  4 .1 1 C o n s t r u c t io n  o f  s u b s t i t u t e  fram ew ork
,12,16 N 
\  force /  added 
per node
/R  w\ 
wait reaction
F ig u re  4 .1 2  : F7 Fram ew ork f o r  f i l l i n g
T a b le  4 .4  F7 Fram ew ork
PO IN T REACTION R 
N
NORMAL STRESS O • 
P a . -w
55 759
2 74 17 37
3 101 23 71
'4 129 30 28
5 147 3451
6 175 4 1 0 8
7 180 ;  42 25
8 184 4 3 1 8
9 193 4 5 3 0
10 200 46 95
11 207 48 59
1 2 211 4 9 5 3
13 217 5094
14 225 52 81
15 23 0 5 3 9 9
16 258 60 56
4 .4  G e om etry  fo r  em p ty ing .
T a b le  4 .5  g iv e s  th e  c a lc u la t io n  o f. th e  a v e ra g e  s u r fa c e  h e ig h ts .  
T he r e s u lt in g  p r o f i le  is  p lo t te d  as Lhtr d o tte d  l in e  In  P ig . 4.1
T es t Set P o s it io n
1 2 J 4 5 6
20 5 570 600 660 710 770 710 660
21 575 590 645 705 770 715 655 600 575
22 570 590 655 710 770 715 660 605 580
575 595 640 700 760 710 645 600 575
580 610 660 710 750 700 660 610
A v e ra g e 574 597 652 ■; 707 764 710 604 576
A v e ra g e b o th  s id e s : 600
D e n s ity  /  15 7t:6 M /m 3 '
S u r fa c e  s lo p e  = ''' ^ t 'n  = 2 9 ,1 °
C o n ta in e d  w e ig h t = 15716 x  (0 ,7 9 2  X 0 ,3 *6  -  6 ,01 5  x  0 ,0 2 6 )
= . 4301 N p e r  m e tre  w id th  o f b in
4 .5  i ' . r ip t y in g  p re s s u re s  -  b l i
4 .5 .1  ‘ . W a lk e r  th e o ry  f o r  e m p ty in g '(n>
W a lk e r  a n a ly s e s  th e  fo rc e s  on s .. h o r iz o n ta l s l ic e  in  a b in ,  
F ig .  4 .1 3 . As he  u se s  Ih e  a v e ^ s g e  -y,eB-ti,ca-k' s t r e s s V  ( In  h is  
n o ta t io n )  he ha s  to  r e la t e  i t  t? .tn e  v e r t ic a l  s tre s s  a t th e  
w a l l  V . He does th is  w ith  th e  D
V , = DSr 4 .2 2
He s ta te s  th a t  I f  D Is  ta k e n  . .n J ty  I t  w i l l  g iv e  s u f f ic ie n t ly  
a c c u ra te  v a lu e s  o f w a l l  s t re s  .n- As m e n tio n e d  In  c h a p te r  
1 , D m ust In  fa c t  be one o r  v e r t ic a l  e q u i l ib r iu m  w i l l  be 
v io la te d ,  (see A p p e n d ix  E ) .
Figure 4.13 : El W alker's theory for emptying
o - '
F ig u re  4 .1 4  : N o ta tio n  fo r  J e n lk e 's  g r a p h s  f o r  
r a d ia l  s tre s s  f i e ld
In  th e  fo llo w in g  c a lc u la t io n s  W a lk e r 's  n o ta t io n  Is  p a r H a i ly  
u s e d , an d  Is  d e f in e d  w h e re  n e c e s u a ry , r e fe r r in g  to  F ig .  
4 .1 3 .
In te r n a l  f r i c t i o n  a n g le  6 °  3 3 ,8 ° ,  W a ll s lo p e  a = 30®
W a ll f r i c t io n  a n g le  *w = 20 ,)®
,  '  * ( * .  + " In Q L ) )
B » 2S»,2e
T h e  v e r t ic a l  s h e a r  s t r e s s  a t  th e  w a l l  ry Is  r e la t e d  to  V w 
th e  v e r t ic a l  n o rm a l s tre s s  o f th e  w a l l  b y
w h e re  B ®
C B 
• v™ •  
fro m  e q n s  4 .2 7  a n d  4 .2 6
T he n o rm a l s tre s s  Is  g iv e n  In  ta b le  4 .6  fo r  d i f f e r e n t  h e ig h ts  
a n d  Is  p lo t te d  In  F ig .  4 .1 3 .
T a b le  4 .6  W a lk e r 's  T heory
0,601 0,52 6 0 ,42 6 0,326 0 ,2 2 6 , 0 , f  26 0 ,0 2 6
“ w Pa. 1526 2547 3705 4562 4982 4672 248?
Tv = B V w 4 .2 4  ”
S ln 6 s in 2 ( a  +B  )
1 -  s ln ic o s 2  (a+B) » 0,3870 4 .2 5
C  - = 0,6702 4 .2 6
Vw -  1,022 4 .2 7
LJ  » , e
In  Jhe fo llo w in g  c a lc u la t io n s  W a lk e r 's  n o ta t io n  is  p a r t i a l  ly  
u s e d , a n d  is  d e f in e d  w h e re  n e c e s s a ry , r e fe r r in g  to  F ig .
In te r n a l  f r ic t io n  a n g le  6 =  3 3 ,8 ° ,  W a ll s lop e  a =  30° 
W a ll f r i c t i o n  a n g le  *  = 2 0 ,1 °
6 = 29,2° ’
the . v e rt ic a l shear s tre s s  a t the w a ll t  Is re la te d  to Vw
the v e rt ic a l normal s tress  o f the w a ll b y
t v = B Vw " 4.24
w = " 1  -  s in ficosZ U + B ) \  = 1’ 022 4,27
.*. from eqns 4.27 and 4.28
T he n o rm a l s tre s s  is  g iv e n  in  ta b le  4 .6  fo r  d i f f e r e n t  h e ig h ts  
a n d  is  p lo t te d  in  F ig .  4 .1 3 .
T a b le  4 . 6  W a lk e r 's  T h eo ry
0 ,42 6
4 . 5 ,2 .  E 2 . R a d ia l s tre s s  f ie ld  w i th  l in e a r  c u t - o f f
A  r a d ia l  s tre s s  f i e ld  h a s  been show fi to  e x is t  in  th e  v i c in i t y  
o f  th e  o u t le t  b y  J e n lk e * 16  ^ . In  a r a d ia l  s tre s s  f i e ld  the
-s tre s s e s  a re  p r o p o r t io n a l  to  th e  r a d ia l  d is ta n c e  from  th e
a p e x  w h e re  th e  tw o  in c l in e d  s id e s  In te r s e c t .  T h u }  th e  n o rm a l 
s tre s s  on th e  w a l l  w i l l  in c re a s e 1-' l in e a r ly  fro m  z e ro  a t the
a p e x . J e n ik e  g iv e s  v a lu e s  o f c ’ /T B ,  F ig .A .14 ( o’ = 0 w ) ,
in  g ra p h s  f o r  s = 3 0°  a n d  5 -  40®, re p ro d u c e d  h e re  a s  F ig s ,  
4.15 a n d  4 .16 . I t  Is  th u s  f& c e s s a ry  ^ to  in te r p o la te  fo r  th e  
r e q u ir e d  v a lu e  o f  5 = 3 3 ,8 ° .  T he v a lu e  d e p e n d s  on  th e  w a ll 
f r i c t i o n  a n g le  ( #‘ = ^  X a n d  , th e  b in  w a l l  s lop e  ( S ' )  = a-.
, J h e  th ep py  f o r  th e  r a d ia l  s tre s s  f i e ld  i s  g iv e n  In  A p p e n d ix  
•G w h l^ h  a ls o  d e ta i ls  a p ro c e d u re  a n d  a p ro g ra m  In  B a s ic fo r
c e lc u l^ t f n g  th is  fa c to r .  < » r.',Q ' '  .
T h e  c o n s ta n ts  use d  w ere
t  15716 N /m 3
6 =  33 ,8 4 "
♦ w = 20 - 10
* '-9 0 ® a g  = 2 9 ,2 "
Fro,nt. F ig .4 .1 5  fo r  « = 3 0 f  o ' / t B  = 1,300
From  F ig . 4 .1 6  f o r  « = 40 " a ' /Y B  ? 0 ,98 2
In te r p o la t in g  fo r  6 = 33 , 64® o ' /T B  = 1 ,3  - (1 ,3 - 0 ,9 8 2 )  *
= 1,176
From  A p p e n d ix  G o ' Y 6 = o ^ /Y r  = 1,3354 0 '/ .y g  
w h e re  01 = Sw
T he la t t e r  f ig u r e  Is  p r o b a b ly  m ore c o r re c t th a n  th e  fo rm e r 
becau se  o f th e  g r e a t  c a re  ta k e n  In  I ts  c a lc u la t io n ,  b u t by  
th e  s ta g e  I t  h a d  been d e r iv e d  a l l  c a lc u la t io n s  h a d  a lr e a d y
be en  r e la te d  to  th e  v a lu e  o f 1 ,178 so t h is  is  th e  v a lu e  used
As th e  r a d ia l  s tre s s  f i e ld  w o u ld  g iv e  a la r g e  v a lu e  a t  th e  
s u r fa c e  a n d  b e cau se  ve  : ' i a l  e q u i l ib r iu m  m us t be  a s s u re d  .some
Function o’/ r  B, B « 30*
Plane symmetry (synmetric plane flow)
F ig u re  4 .1 5 : N orm al s tre s s  in  th e  r a d ia l  s tre s s  f ie ld  
fro m  Je n ik e  ^16  ^ fo r  6 = 30°
Function o‘/V B, 6 ■ 40®
Plane symmetry (symmetric plane flow)
F ig u re  4 .1 6  : N o rm a l s tre s s  In  th e  r a d ia l  s tre s s  f ie ld  
fro m  Je n ik e  ^16t a r  6 = 40°
F ig u re  A . 17 E 2 . R a d ia l s tre s s  f i e ld  w i th  I
T he r a d ia l  s tre s s  f ie ld  v a lu e s  f o r  n o rm a l s tre s s  a re  :
a t  th e  to p  B = 0 ,692m , » 15716 x  1 ,178 x 0 ,69 2  = 12811 P a .
a t  th e  bo tto m  b  = 0 ,030m , = 15716 x  1 ,17 8  x  0 ,0 3 0  = 555 P a ,
n o rm a l fo rc e  on th e  w ^ l l  
N ta n 2 0 ,1 3  = s h e a r  fo rc e  c
V e r t ic a l  fo rc e  on b o th  w a l ls  = 2 x  (N s in 3 0  + TcosSO)
T h is  m us t e q u a l th e  to ta l w e ig h t o f  4301 N fro m  ta b le  4 .5
Also from F ig .4.17
N = (12811 + 555) 1 . 0,664 -  . x  = 2631
X = 0,2821m
P re s s u re  a t x  -  12811 (0 ,6 6 4  -  0 ,2 8 2 )/0 ,6 6 4  + 555 X q , 2 8 2 /0 ,6 64  
7624 P a .
4 .5 .3  £ 3 ,R a d ia l s tre s s  f i e ld  w ith  c u rv e d  c u t - o f f
As a n  a lte r n a t iv .e  to  a s t r a ig h t  l in e  c u t - o f f  I t  Is  p o s s ib le  
to  s t ip u la te  a c u rv e d  c u t - o f f .  One such  c u r v e  is  show n In 
F ig .  4 .1 8 . T he a re a  u n d e r  th e  c u rv e  m u s t be  e q u a l to  th e  
excess fo rc e  fro m  th e  r a d ia l  s tre s s  f i e ld ,  w h ic h  Is
(12811 + 555) x  0 ,6 6 4 /2  -  2631, fro m  s e c t io n  4 .5 .2 ,  
= 4438 -  2631 = 1807 N
L = 664mm
F ig u re  4 .1 8  ! C u rv e  f o r  c u t -o f f
fe t th e  c u rv e  be  g iv e n  b y
A rea  u n d e r  th e  c u rv e
g iv e n  In  ta b le  4 .7  a n d  show n p lo t te d  li
f i e ld  w ith  c u rv e d  c u t - o f f
T a b le  4 .7  R a d ia l s tre s s  f i e l d  w i th  c u rv e d  c u t - o f f
0 0,1 0 ,2 0 ,3 0 ,4 0 ,5 0 ,6 0 ,66 4
°w  Pe 555 5419 5309 0
N ote : k = s lo p e  d is ta n c e  fro m  th e  bottom
4 .5 ,4  E4 , F ram ew ork  w i th  o^ h o r iz o n t a l
T he fra m e w o rk  Is  sho w n  In  F ig *  4 .2 0 . In  o r d e r  to  a v o id  
te n s io n s  d o w n w a rd  s lo p in g  m em bers a t th e  w a ll  w e re  Ig n o re d  
a n d  h o r iz o n ta l m em bers sho w n  b y  th e  d o tte d  lin e s  were; used 
in s te a d .  T h is  fra m e w o rk  r e s u lt s  In  a la rg e  s tre s s  a t  th e  
s u r fa c e  w h e re  it. s h o u ld  be  z e ro . The c o r re c t f r i c t i o n  a n g le  
a t th e  w a l l  w as  a l lo w e d  fo r .  J-he n o rm a l s tre s s e s  a p p e a r  
In  ta b le  4 .8 .
4 . 5 .5 .  E5 F ra m e w o rk  w i th  In c lin e d  a t 30° to  th e  h o r iz o n ta l
T h e  fra m e w o rk  is  sho w n  In  F ig .  4 .2 1 . F o r  s im p l ic i t y  th e  
In te r n a l  f r i c t i o n  a n g le  was" a p p ro x im a te d  as 6 = 3 0 ° , th en
th e  s l ip  s l ln e s  in te rs e c t a t  6 0 ° ,  w i th  one se t o f  s l i p  l in e s  
h o r iz o n t a l .  T h e re  Is  o b v io u s ly  a d is c o n t in u i ty  in  th e  d i r e c t io n  
o f Cj a t  th e  c e n tr e l in e .  T h e  n o rm a l w a ll  s tre s s , F ig . .  4 .2 1 , 
Is  z e ro  a t th e  s u r fa c e  a s  l l  s h o u ld  b e . No a d d i t io n a l  m em bers 
b e s id e s  those show n w e re  n e c e s s a ry . The n o rm a l s tre s s e s  
a re  g iv e n  in  ta b le  4 .9 ,
• W a ll P o s it io n R ea c tio n
N
N o r ra l S tre s s  a 
P a . w
1 175 4 6 3 8
2 157 4 1 6 1
3 169 4 4 7 9
4 174 4 6 1 1
5 17 3 4 5 8 5
6 187 4 9 5 6
7 19 5 5 1 6 8
6 2 0 1 5 3 2 7
9 21 0 5 5 6 5
1 0 198 5 2 4 7
11 171 , 4 5 3 2
12 157 4 1 6 1
13 1 4 0 3 7 1 0
•14 1 1 1 2 9 4 2
15 106 2 8 0 9
16 72 1 9 0 8
17 53 1 4 0 5
18 31 8 2 2
T a b te  4 . 9. E5 Fram ew ork model w !tb  In c lin e d  a t  
30° to  th e  h o rizo n ta l
W a ll P o s ls tio n R e a c tio n N orm al S tre ss  P a . w
1 33 671
2 105 21 34
3 , 169 34 34
4 , 244 49 58
5 328 6 6 6 5
6 359 7 2 6 5
7 . 323 6,563
8. 28 5 5 7 9 1
* 24 8 5 0 3 9
10 209
11 1 7 2  j 3 4 9 5
12 134 1 2 7 23
13 96 1 9 5 1
' 14 58 1 1 79
F ig u re  4 .2 0  : E4 Fi
i   , • . '
.  L   ^ i . . "  . . .
F ig u re  4 .2 t  : E5 Fram<
CHAPTER 5
THEOR ETIC AL PRESSURE D ISTR IB UTIO NS -  B IN  2
5-H - M e th od s  fo r  a n a ly s in g  p re s s u re s
T he m e th od s  used fo llo w  c lo s e ly  th ose  fo r  sha pe  1. F o r 
e x a m p le , W a lk e r 's  th e o ry  Is  use d  a s  Is  B o o th 's  a d ju s te d  
P ile  T h e o ry . H ow e ver, th e  e q u i l ib r iu m  o f fo rc e s  m ethod 
fo r  f i l l i n g  is  less  s im p le , a n d  d e p e n d s  on m ore  A s s u m p tio n s . 
M ore fra m e w o rk  m ode ls  a re  t r ie d  : f o r  th e  e m p ty in g ”  c a se . 
F i l l i n g  case s  a re  d e s ig n a te d  F a n d  e m p ty in g  cases E.
5 .2 ^  G e om etry  fo r  f i l l i n g
F ig } 5 .1  show s th e  d im e n s io n s  use d  fo r  th e  a n a ly s is  o f 




Figure 5.1 Dimensions for analysis
»■ v'
An a v e ra g e  d e n s ity  o f  t  = 1602 k g /m 3 = 15716 N /m 1 fro m  
ta b le  3 .2  w as u se d , t h e  s u r fa c e  h e ig h ts  a re  g iv e n  In  ta b le
5.1 f o r  th e  f iv e  te s ts  27 to  31,
T a b le  5 .1  S u rface h e ig h ts  mm
T e s t P o s it io n
5 6 8
600 620 690 745 685 620 600
600 630 695 745 690 620 600
2 595 625 665 745 680 615 590
2 600 6 3 0 . 690 745 6 & 630 600 .
2 600 625 680 745 685 62,5 600:
A v e ra g e 599 626 690 745 686 622
fW e ra o e b o th  s id e s 745 688 624
5 .3  F iM in g  p re s s u re s , -  B in  2
5 .3 .1  F I . A c t iv e  s la te  p re s s u re  
A c t iv e  p re s s u re  c o e f f ic ie n t  ( see 4 .3 .1  ) ti 
0,28461 -  s lh 3 3 ,8  4 1 + s !n 3 3 ,8  ’
A t B v e r t ic a l  p re s s u re
o = r h  » 15716 x  0 ,2 0 8  =
h o r iz o n ta l p re s s u re
o = ko -  0 ,28 46  x  3269 =
n o rm a l p re s s u re  (E q n  4 .4 )  
o = o s in '  30 + i230 = 3269 x  0 ,2 5  + 930 x  0 ,75  
= ' -1515- P a .
s h e a r  s tre s s  (E q n  4 .5 )
t w = (o  - o  )s in 3 0 co s3 0  = (3269-930) x  C',5 x  0 ,86 60 = 1013 I
5-3
15716 x  0 ,74 5  = 11
0,28 46  x  11708 = :
11808 x  0 ,2 5  + 3332 x  0 ,7 5  =
Tw
tv
12) x  0 ,5  x  0 ,0
atan^5~^" (SS) " :
, p lo t te d  in  F ig  5 .2 .
, F ig u r e  5 .2  : F I A c t iv e  s ta te  p re s s u re
5 .3 .2  F2 E q u i l ib r iu m  o f fo rce s
T h is  case is  n o t a s  s im p le  a s  fo r  b ln  sh a p e  1 w here " ..there 
is  one s t r a ig h t  w a l l  o n ly .  T h e re  is  th e  fo rc e  fro m  th e  
v e r t ic a l  w a l l  a s  w e ll a s  th e  fo rc e  fro m  th e  In c lin e d  
w a l l ,  F ig .  5 . 4 .  T h e re fo re  an  a s s u m p tio n  is  m ade to  ge 
Pj a n d  Pg th e n  fo llo w s  fro m  e q u i l ib r iu m .
A th e o ry  th a t  m ay  be  used to  f i n d  Is  th e  C ou lom b a n a ly s is
In  t h is  a n a ly s is ,  F ig  5 .3 ,  a w edge Is  m a in ta in e d  In  a s ta te  o f 
e q u i l ib r iu m .  On l in e  AB f u l l  In te r n a l  f r i c t i o n  Is  m o b il is e d , 
w h i le  on l in e  BC ( th e  w a l l } ,  f u l l  w a l l  f r i c t io n  Is  m o b il is e d .  
T he s lo p e  o f AB Is  v a r ie d  u n t i l  th e  m axim um  v a lu e  o f P2
P ,  -  1 rh=  ( 5 .1 ) ,
T h is  c o r re s p o n d s  to  a h o r iz o n ta l  le n g th  o f X = 500mm w h ic h  
exce ed s  ■ th e  d is ta n c e  to th e  c e n tr e l in e  {240mm) . A.ssume 
th a t  th e  h o r iz o n ta l fo rc e  H a t  th e  c e n tr e l in e  o f  th e  b in  
Is  e q u a l to  th e  r e q u ir e d  v a lu e .
T he fo rc e  on th e  v e r t ic a l  w a l l  is  th e re fo re
Pr = i  15716 x  -° l— cos 'f e  V "79 a 173- 4 N
T he fo rc e  on th e  in c l in e d  s id e  - 
e q u i l ib r iu m ,  F ig  5 .4 .  I t  Is  
fo rc e  on th e  c e n tr e l in e  a c ts
v e r t ic a l
a t h i r d  o f th e  h e ig h t .
w e ig h t o f  h a l f  th e  c o n te n ts  
1 5 7 1 6 (0 ,2 4 x0 ,1 4 7 /2  + 0 ,2 4 x 0 ,2 0 8  + 0 ,3 9 x 0 ,0 1 5  
+ 0 ,3 9 x 0 ,2 2 5 /2 }
1843,3 N








F ig u re  5 . 3 i C o u lo m b 's
I  '
SH :
15 7 1 6 (0 ,2 4 x0 ,1 4 7 /2 x8 0  + 0 , 24x 0 ,  208x 1 20 + 0 ,3 9x0 ,0 15 x7  
+• 0 ,3 9 x 0 ,2 2 5 /2 x 9 0 )/ l6 4 3 ,3 » =  97,1mm  
P2.B ln50t )3  = 1843 ,3  -  173,4 sJr>20,1 p 1783,7 N 
■ 2324 N
H *  2324 cosSO,1 + 173,4 cos20,1 = 1654 N
S-M a b o u t C : 2324 c o s 2 0 , l X x  -  
1654 x  74 5 /3  + 18 43 ,3 (9 7,1  - 1 5 ) -  17 3 ,4 (c o s 2 0 ,1 
x -
1 ,1 ^ ,1  x  225)
, BC = 2324 cos20,1
217 f 1rmi 
2182 N
S tre s s  a t  C -  12'/3  *  ° . * so “  0 ,2 1 8 )=  5301 Pa
S tre s s  a t  B = -6 g ^  (0 ,2 1 8  -  0 ,4 5 0 /3 )  = 4396 Pa
a t  B on  v e r t ic a l  w a l l  =
173,4 c o s2 0 ,t x2/0,,20B
T h e  n o rm a l s tre sse s  a r e  show n p lo t te d  In  F ig  5 .4 :
TO
20,1
F ig u re  5 .4  : F2 Equl'J Ib r lu m  of f;o rc e s
5 .3 .3  F3 W a lk e r th e o ry  f o r  f i l l i n g  i!
F rom  E q n  4.11 « 0,6117 o on th e  In c lin e d  w a l l .
R e fe r  to  F ig  5 .5
Assum e th e  h o r iz o n ta l p re s s u re  on AB Is  a c t iv e
-  I ;
N orm a l s tre s s  on AB a t B ,
0,2846 x  15716 x ( 0 ,2 0 6  + 0 ,0 7 4 ) -  1261 Pa
N orm a l s tre s s  on BC a t B
0,6117 x  15716 x (0 ,2 0 8  + 0 ,0 7 4 ) = 2711 Pa
t i t  C = 0,6117 X 15716 x (0 ,7 45  -  0 ,0 7 4 ) = 6451 Pa





,i F ig u r e  5 .5  ;F3 W a lk e r 's  th e o ry  f o r  f i l l i n g
5.,i3.A F4 B o o th 's  a d ju s te d  p i l e  th e o ry
A(l f o r  B ln  1 th e  h o r iz o n ta l  s tre s s  is  In c re a s e d  i f  n e ce s s a ry  
to p re v e n t th e  w a l l  f r i c t i o n  a n g le  from  b e in g  e xce ed ed .
Ffom  eqn 4 .1 7  f o r  th e  v e r t ic a l  w a l l  w i th  0 = 0  
"w  = t  co t $
!i o th e rw is e  ® = {
From  eqn 4 .1 8  fo r  th e  s lo p in g  w a ll









c o n s ta n ts  a n d  fo rm u la e  used in  B o o th 's  P ile  T h e o ry  
s e t o u t In  4 .3 .5 .  T a b le  5 .2  g iv e s  th e  s tre s s e s  a t  v a r io u s  
le a l le v e ls .
n o rm a l s tre s s e s  a re  show n p lo t te d  on F ig .  5 .6 :
591
,1192
F ig u re  5 .6  ; F4 B o o th 's  a d ju s te d  p i le  th eo cy
) .  F5 F ra m e w o rk  th e o ry
5 .7  sho w s th e  s u b s t i tu te  f ra m e w o rk . As In  s e c t io n  4 .3 .7
s l i p  f in e s  a r e  s t r a ig h t  a n d  o , is  ta k e n  as  v e r t i c a l ,
d o tte d  h o r iz o n ta l m em bers a re  p ro v id e d  to  m ake th e  
f r i c t i o n  a n g le  c o r re c t.  N o rm a l s tre s s e s  a re  a ls o  show n
|g .  5 .7  a n d  a re  g iv e n  In  ta b le  5 .3
G eom etry  fo r  e m p ty in g
T a b le  5 .4  g iv e s  th e  a v e ra g e  s u r fa c e  h e ig h ts .  The r e s u lt in g  
p r o f i le  Is  show n p lo t te d  on F ig .  5.1 a s  a d o tte d  l in e .
" p° 'mn t . r ° y p *y Pa Deg. A d ju s te d°w  Pa .
0 0,013 175 4413 3 3 ,4 '
0,072 274 3927 33,2
0,159 425 .3454 .2210 32 ,6  . *539
672 185 0,275 602 2964 31,3
5 389 538 240 0,446 643 2305 1284 29,1
• 5 ; 1192 643 19,2 1192
0 6 500 375 240 0,640 695 1697 695 22,3 759
. V 591 '2 4 0 240 1,000 0 0 °
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F ig u re  5 .7  : F 5  F ra m e w o rk  f o r  f i l l i n g
Test S e t P o s it io n
2 4 6 7 8
27 5 595 610 675 730 675 615 595
28 '5 590 620 680 675 615 590
29 6 585 615 675 660 605 585
30 6 590 620 675 675 620 590
6 590 615 670 670 615 590
A ve ra g e 590 616 675 614 590
A ve ra g e h ..th s id e s '673 615 590
As f o r  f i l l i n g  th e  d e n s ity  w as  ta k e n  a s  ? =  15716 N /m 1 fop  
c a lc u la t in g  p re s s u re s ,
5 .5  E m p ty in g  p re s s u re s  -  b ln  2
5 .5 .1  E l .W a lk e r ' s  th e o ry
T he c a lc u la t io n  o f  p re s s u re s  on th e  s lo p in g  p a r t  o f  th e  
b ln  Is  s im i la r  to  th e  c a lc u la t io n s  In  se c t io n  4 .5 .1 .
F o r  th e  v e r t ic a l  p a r t  th e  fo llo w in g  Jan ssen  ty p e  c a lc u la t io n  
a p p lie s ^ 14, see F ig .  5 .8 .  T he In c l in a t io n  o f % to  th e  h o r i ­
z o n ta l Is  g iv e n  b y
6 “  i  5 .5
/ .  8 = £ (20 ,1  + 3 6 ,1 }  .  29 ,2 °
o r  8 *  i  (20 ,1  + 1 8 0 -  3 8 ,1 )  = 8 1 ,0 "
T h e re  a re  tw o  p o s s ib le  In c lin a t io n s  fo r  , a t  th e  w a l i . i  
L a tv r a l  p re s s u re s  w i l l  be w o rk e d  o u t f o r  b o th  case s  a n d 1 
la te r  com p ared  w ith  e x p e r im e n ta l re s u lts .
s -
' B -  0 ,113 o r  0 ,t8< l ' /
R - perimeter =   = 0,4& :
V0 = S u rc h a rg e  = 15716 x  0 ,0 6 7  = 1053 P a .
^  = 10307 (1 -  e x p ( -0 ,4 1 7 h ) )  + #25 e x p  ( -0 ,4 7 1 h )  5 .8
aw = 10307 (1 -  e x p ( -2 ,7 8 8 h ) )  + 1925e x p  (-2 ,7 8 6 h )  5 .9
v e h t ic a l p re s s u re  V = 3 ,2 3 8 o w o r  0 , 547(7w
A t p o in t  3 h = 0,201 V  -  3792 Pa o r  3019 Pa
On th e  in c l in e d  p a r t  th e  p re s s u re  is  c a lc u la te d  
th a t  e v e r th ln g  above  th e  in c l in e d  p a r t  Is  t re a te d  
s u r c h a r g e  Vq , w h ic h  is  th e  v e r t ic a l  p re s s u re  a t  th a t 
in  th e  u p p e r  p a r t ,  i . e .  a t  p o in t. 3.
5 .1 0
5.11
As in section 4.5.1
- M20.'* “ K iSEs)) ‘ 29|2‘ <9°"
\ - " s M c o t 2 ] * W r  ° ' 3870
Yhc ry
h o- -  0 ,41 5  m
VQ = s u rc h a rg e  = 3792 Pa o r  301? Pa fro m  eqn 5 .1 1 . 
fro m  eqn 4 .2 7  o = 1,022V
1.02 2 . 15716
5.13
N6 te :  h Is  d i f f e r e n t ly  d e f in e d  fo r  th e  u p p e r  an d  lo w e r  p a r ts .
' T a b le  5 .5  g iv e s  th e  n o rm a l p re s s u re s  a t p o in ts  1 to  7 m a rk e d  
on F ig  5 .6  fo r  b o th  v a lu e s  o f 0 In th e  u p p e r p a r t  o f  the  
b in  fro m  eq ns  5 .8 , 5 .9 ,  5 .1 2  a n d  5 .1 3 . These v a lu e s  a re  
p lo t te d  on F ig  5 .8 .
show s h a l f  th e  b ln  a n d  th e  r e s u lt in g  s tre s s  
r a d ia l  s tre s s  f i e ld  d e te rm in e s  th e  i n i t i a l  
n v * r  th e  bo tto m .
5-16
fro m  s e c t io n  4 .5 .2  
ow = 1 ,17 8 yB
o r  s in c e  ® = 0 ,01 5  + -g , 
o = 1 ,1 7 8 r(0 ,0 3 0  + x )
^  = 1,178 .1 57 16 (0 ,0 3 l'+ x )  = 555 + 18513 X 5.14
O nce th e  fo rc e  on th e  v e r t ic a l  w a l l  Is  kn o w n  th e  f i n a l  a re a  
o f th e  n o rm a l s tre s s  d ia g r a m  on th e  s lo p in g  p a r t  s a n  be
fo u n d  fro m  v e r t ic a l  e q u i l ib r iu m .
T h is  s t i l l  le a ve s  th e  v a lu e  a t  th e  to p  o f th e  s lo p e , q ,  F ig . 5 .9  
to  b e  d e te rm in e d . I f  th e  v a lu e  p a t  th e  sam e p o in t  on
th e  v e r t ic a l  w a ll  is  kn o w n  th e  tw o a re  re la te d  p r o v id e d ,  
th a t  a l im i t in g  s ta te  o f s l i p  ( c r i t i c a l )  e x is ts  a lo n g  b o th
w a l ls  In  th e  im m e d ia te  v i c i n i t y  o f  th e  w a il  J u n c t io n .
S o k o lo v s k i on p a g e  115 c o n ce rn e d  w i th  th e  b ro k e n
b a c k e d  r e ta in in g  w a l l  d e r iv e s  th e  e q u a tio n
q + H = ( p + H )  e x p ( 2 B to rip ) 1 5 .15
In  h is  n o ta t io n
w h e re  H = coh es io n  - 0  In  t h is  case
0 = a=  w a ll s lo p e  = ”/ 6  r a d ia n s
P = 6 = in te r n a l  f r i c t i o n  a n g le  = 33,8® j
q -  #  exp (2 n/6  ta n 3 3 ,8 )  *  2 ,0 2  p .  ", 5 .16
q Is  an  a p p ro x im a tio n  th a t  is  n o t b e t te r  th a n  th e  a p p ro x lm a -
H ere  w i th  v a lu e  o f p w i l l  be ta k e n  as f u l l  f l u i d  p re s s u re  
p = 15716 x  0,201 ■ = 3159 P a .
Hence n o rm a l fo rc e  on v e r t ic a l  w a l l  = 3159 x  0 ,2 0 1 /2  = 317,5
.*. S h e a r fo rc e  on v e r t ic a l  w a l l  = 317,5  ta n  20,1 = 116,1
From  eqn 5 .1 6  q = 2 ,0 2  x  3159 = 6381 P a .
F ig u r e  5.9.-E2 R a d ia l s t r e s s  f i e ld
W e ig h t o f  s a n d  In  h a l f  b in  W
= ,5716 X (24°  *  201 ) /Z  -  26 X 1 5 /2)
10*
= 1779 N /m  w id th
F o r  v e r t ic a l  e q u i l ib r iu m
. R slnSO, 1 = 1779 -  116,1 
R * ' 2166 N
N orm al com p on en t N = 2168 c o s 2 0 ,1 = 2036N
N orm al com p on en t fro m  r a d ia l  s tre s s  f ie ld
.  x  o , w  .
C u rv e d  c u t to f f  fro m  4 .5 .3  hj = 8 8 6 6 -  6381 = 2505
. n = ^  -  1 = 2505 a8 ° >450 "  1 = 1 , >8
a = h / L n = 2 5 0 5 /0 ,4 5 11 ,8  ® 3 ,09 7  E7
o w = 555 + 18513 x  -  3 ,09 7  E7 X M ’ 8 5 .1 7
V a lu e s  o f n o rm a l s tre s s  c a lc u la te d  b y  t h is  fo rm u la e  a re  
g iv e n  In  ta b le  5 ,6  a n d  a re  p lo t te d  on  F ig  5 .9 .
T a b le  5 .6  R a d ia l S tre s s  F ie ld  w i t h  C u rv e d  C u to ff







X\ V) S lo pe  D is ta n c e
5 .5 .3  E3, F ram ew ork  w i th  g, h o r iz o n ta l
F ig  5 .1 0  show s th e  f r a m e w o rk . As w i th  case E4 f o r  b in  1, 
d o w n w a rd  s lo p in g  m em bers a re  o m itte d  a t  th e  w a l ls  a n d
h o r iz o n ta l m em bers a re  p u j  In  show n b y  th e  d o tte d  l in e s .  
T he  c o r re c t f r ic t io n  a n g le  Is  m a in ta in e d  on th e  v e r t ic a l  
a n d  s lo p in g  w a l ls i  The n o rm a l s tre s s e s  a re  a ls o  show n on 
F ig  5 .1 0 . Note th a t th e  n o rm a l s tre s s  on th e  v e r t ic a l  w a l l  
a t  th e  ju n c t io n  e xce e v *  th a t  on th e  In c lin e d  w a l l .  T he n o rm a l 
s tre s s e s  a re  g iv e n  In  ta b le  5 .7 .
5 .5 .4  E4 F ra m e w o rk  w i th  In c lin e d  a t 30® to  th e  h o r iz o n t a l
F ig  5.11 show s th e  fra m e w o rk  a n d  n o rm a l w a l l  s tre s s e s . 
T h is  case Is  s im i la r  to  4 .5 .5 .  The v a lu e s  o f th e  s tre s s e s
a re  g iv e n  In  ta b le  5 .6 .
5-19
T a b le  5 .7  E3 F ra m e w o rk  w i th  o, H o r iz o n ta l
P o in t N orm a l S tre ss P o in t N orm a l S tress
1 5266 11
2 5661 12 4498
6305 13 4315
6976 14 4133
7647 ' 15 3566
8344 16 3039
7 4771 17 '2583
8 4934 18 2006
9 5014 ' 19 1732
10 4832 20 1155
21 608
T a b le  5 .8 F ra m e w o rk  M ode ls f o r  E m p ty in g
Norm a 1" S tre s s  0
E4 E5 E6 E7
2622 1680 1680 1680
4947 2428 2428 2428
3 ( lo w e r) 5734 2970 4541 6133
4 6965 5754 9000 6965
5 6743 5745 9563 6743
6276 6653 6474 6276
5587 7193 5587 5587
4947 7929 4947 4947
4356 8616 4356 4356
3642 3642 3642 3642
11 2978 2978 : 2978
12 2387 2387 2387 2387
13 1674 1674 1674 1674
14 1034 1034 1034 1034
F ig u re  5 .1 0  > E3 F ra m e w o rk  w i t h  a^ h o r iz o n ta l
5 .5 .5  E5 C om bined f ra m e w o rk  n o *1
An i-,tte m p i w as  m ade to  re c o g n is e  th a t  th e  same s tre s s  s ta te  
c a n n o t p r e v a i l  th ro u g h o u t .  A bove th e  ju n c t io n  is  v e r t ic a l ,  
w h i le  b e lo w  i t  Is  in c l in e d  a t 30° to  th e  h o r iz o n ta l .  From 
F ig .  5 .1 2  I t  ca n  be  seen th a t  th is  r e s u lt s  In  a sud d e n  t r a n s i ­
t io n  In  p re s s u re s  h a l f  w ay  dow n th e  s lo p e . The p re s s u re s  
on  th e  v e r t ic a l  w a l l  a t  th e  ju n c t io n  a re  now m uch less  th a n  
on th e  s lo p in g  w a l l .  T he v a lu e s  o f th e  s tre s s e s  a re  g iv e n  
In  ta b le  5 .8 .
F ig u re  5.11 : E4 F ra m e w o rk  w i th  ^  a t  30°
to  th e  hbrVzontaV
5 .5 .6  E 6 ,C om b in ed  fra m e w o rk  n o .2
in  th is  ra s e  th e  d e m a rc a tio n  be tw een the u p p e r  a n d  lo w e r 
s tre s s  s ta te s  Is  m oved u p w a rd s . As w i th  E5 a s te p  r e s u lts  
In  n o rm a l p re s s u re , F ig  5 .1 3 . The v a lu e s  o f th e  s tre s s e s  a re  
g iv e n  In  ta b le  5 .6 .
5 .5 .7  E7 C om bined F ra m e w o rk  n o .3 '
The b o u n d a ry  be tw een u p p e r  a n d  lo w e r s tre s s  s ta te s  w as m oved 
f u r t h e r  u p . As c a n  be  seen fro m  F ig .  5 .1 4  th e  s te p  In  p re s s u re
on th e  s lo p in g  w a l l  Is  c o n fin e d  to  th e  to p  p o in t .  The v a l 
o f  th e  s tre s s e s  a re  g iv e n  In  ta b le  5 .8 .
F ig u re  5 . 1 2 :  E5 C om b in ed  f ra m e w o rk  n o . 1
F i g u r e  5 .1 3  : E 6 C o rr to In e d  fra m e w o rk  n o . 2
F ig u r e  5 . 1 4 :E 7  C o m b in e d  fra m e w o rk  n o .3
5 .5 .8  E8. Pseudo r a d ia l  s tre s s  f i e ld
A p r in c ip a l  o f  th e  r a d ia l  s tre s s  f i e ld  Is  u se d , F ig .  5 .1 5
in  . th a t  th e  n o rm a l w a ll  s tre s s  on  th e  in c l in e d  se c t io n  BC 
is  assum ed to  in c re a s e  l in e a r ly  fro m  ze ro  a t th e  a p e x .
I t ' s  s lo p e  Is  d e te rm in e d  so th a t  e q u i l ib r iu m  is  p re s e rv e d ,
th e  v e r t ic a l  fo rc e  on th e  s lo p in g  p a r t  de p e n d s  on th e  s h e a r
fo rc e  on th e  v e r t ic a l  p a r t  AB .
i .A s . in  5 .5 .2  f u l l  f l u id  p re s s u re  w i l l  be  assum ed on th s
v e r t ic a l  w a ! ! ' A B ,
a w =  15715 x  0,201 ■ = 3150 Pa. a t  EL
N orm a l fo rc e  -  3159 x  0 ,2 0 1 /2  = 317,5  N/m
S tfc a r  fo rc e  = 317,5  x  ta n 2 0 ,1  = 116', 1 N/m
, -W e ig h t in  h a l f  b in  W = 1779 ,0  N/m
L e t n o rm s ! s tre s s  on BC be  = C(.x + 0 ,0 3 }
: ’ •(here C is  a c o n s ta n t,  F ig .  5 .1 5 .
- '.\Th t\n th e  n o rm a l fo rc e  ** N , a n d  s h e a r  fo rc e  = T “  N ta n 2 0 ,1 . 
v e r t ic a l  e q u i l ib r iu m  0 ,81 69 N + 116,1 = 1779
.^r.v  = 2036 N
A I ity, N = ^  0 ,4 5  x  C (0 ,0 3  + 0 ,0 3  4 0 ,4 5 )  = 0 ,11475 C
.". 0 ,11475 C = 2036
V . f, » w = 17743 ( ,X +  0 ,0 3 ) 5 .1 7
Cornygri.t th e  r a d ia l  s tre s s  f ie ld  s o lu t io n  
trw = 18513 ( *  + 0 ,0 3 )  (E q n .5 .1 4 )
\  1116,1 N J5ll\ *"*3iT5 n
F ig u re  5 .1 5  ; E8 P ssudo r a d ia l  s tre s s  f i e ld
IAPTER 6
COMPARISON OF THEORIES W ITH  EXPERIMENTS
6.1 G ra p h s
In  c h a p te r  3 a l l  th e  e x p e r im e n ta l r e s u lt s  a r«  g iv e n .  The 
p re s s u re s  a re  show n on a c ro s s -s e c t io n  o f  th e  b in .  T h is
e n a b le s  th e  s u r f- ic e  to  be  show n a t  th e  same tim e  to  ge t 
a f u l l  p ic t u r e .  In  th is  c h a p te r  la r g e r  g ra p h s  a re  used
to  sho w  th e  n o rm a l p re s s u re  o n ly .  T h e  r e s u lt s  fo r  m e a s u r in g  
p o in ts  on o p p o s ite  s id e s  a re  co m b in e d , so  th a t  w i th  f j y e  
:r-tests th e re  a re  ‘en r e s u lts  p lo t te d  a t  e a ch  o f th e  f i f te e n  
m e a s u r in g  p o in ts .
6 .2 .  B in  s h a p e  1
6 .2 .1  T a b le s
T a b le  6.1  g iv e s  th e  e x p e r im e n ta l n o rm a l p re s s u re s  ( o^) 
f o r  ea ch  o f th e  te s ts  fo r  f i l l i n g ,  T a b le  6 .2  g iv e s  th e  p re s ­
su re s  a t th e  m e a s u r in g  p o in ts  b y  th e  v a r io u s  th e o r ie s ,
a n d  th e  s ta n d a r d  d e v ia t io n s  fro m  th e  m ea sured  v a lu e s . 
F o r  t h is  p u rp o s e  th e  10 v a lu e s  a t ea ch  o f th e  15 p o in ts
w ere  a v e ra g e d .
th e n  s ta n d a rd  d e v ia t io n  = v ,{E (Y m -   ^ 6,1
w h e re  Ym = a v e ra g e  m ea sured  v a lu e
Yc = c a lc u la te d  v a lu e
T a b le  6 .3  a n d  6 .4  a re  th e  c o r re s p o n d in g  ta b le s  fo r  th e  e m p ty !
6 .2 .2  F i l l i n g  c a s e s -  b ln  1
6 .2 .2 .1  F I A c t iv e  s ta te  p r e s s u re , Fl.g 6.1  •
The s t r a ig h t  l in e  g ra p h  u n d e rc u ts  m ost o f th e  r e s u lt s .
T h is  m us t be due to  e x c e e d in g  th e  w a l l  f r i c t i o n  a n g le .
T h e  s ta n d a r d  d e v ia t io n  Is  1773 P a .
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6 .2 ,2 .  2 F2 E q u i l ib r iu m  o f fo rc e s .  L in e a r  d is t r ib u t io n ,  F ig . 6 .  2 .
T h is  s t r a ig h t  l in e  f i t s  Ih e  r e s u lts  much b e t te r  th a n  F t .
T he w a ll  f r i c t i o n  a n g le  h a s  been a llo w e d  fo r .  T he s ta n d a r d
d e v ia t io n  o f 960 pa  Is  b e t te r  th a n  1773 fo r  F I .
6 .2 .2 .3  F3 E q u i l ib r iu m  o f  fo rc e s .  P a ra b o l ic  d i s t r i b u t io n , F ig . 6 .3 .
A p a r a b o la  f i t s  the ' r e s u lt s  th e  b e s t so f a r .  S ta n d a rd  d e v ia ­
t io n  is  550 P a .
6 .2 .2 .4  W a lk e r th e o ry  f o r  f i l l i n g ,  F ig .  6 .4 .
T h is  s t r a ig h t  l in e  is  an  im p ro ve m e n t on F I ,  a c t iv e  s ta te  
In  th a t  i t  uses a  s im ila r -  v e r t ic a l  p re s s u re  b u t  a d ju s ts
th e  h o r iz o n ta l p r e s s u r e  to  g e t th e  c o r re c t vya ll f r i c t i o n
a n g le .  T he s ta n d a r d  d e v ia t io n  Is  1100, no t q u i te  a s  good 
as  l in e a r  e q u i l ib r iu m  , F2.
6 .2 .2 .5  F5 B o o th 's  P ile  t h e o r y ,  F ig .  6 .5
T h is  I f  th e  seco nd c u rv e d  g r a p h .  No a llo w a n c e  is  m ade
fo r  w a ll  f r i c t i o n  a n g le  a n d  th y  l in e  f a l l s  w e l l  be lo w  th e
e x p e r im e n ts  a s  fo r  F I .  T h is  denies. B o o th 's  c la im  th a t  
th e  w a l l  f r i c t i o n  is  o f  m in o r  Im p o rta n c e . T he s ta n d a r d
d e v ia t io n  a t 1552 Pa is  In  th e  same lea g u e  as  FI. a lth o u g h  
a b i t  I555.
6 .2 .2 .6  F6 B o o th 's  a d ju s te d  p i le  th e o ry ,  F ig .  6 .6 ,
T he f i t  is  m uch b e t te r  th a n  F5 a s  show n b y  th e  s ta n d a r d  
d e v ia t io n  o f 841, w h ic h  Is  th e  t h i r d  low est so f a r  a f te r
F7. T h is  m us t be du e  to  th e  a d ju s tm e n t w h ic h  In c re a se s  
th e  h o r iz o n ta l p re s s u re  to  g e n e ra te  th e  c o r re c t w a l l  f r i c t i o n
6 .2 .2 .7  F7 F ra m e w o rk  th e o ry  , F ig .  6 .7
W ith  th e  second low e s t s ta n d a rd  d e v ia t io n  o f 742 Pa the
f i t  is  s u r p r is in g ly  good In  v ie w  o f  th e  s im p le  fra m e w o rk
cho sen w i th  s l i p  l in e  d ir e c t io n s  th ose  o f th e  c la s s ic  a c t iv e  
c a se , a lth o u g h  h o r iz o n ta l m em bers w ere  a d d e d  to  o b ta in  
th e  c o r r e c t  w a l l  f r i c t i o n  a n g le . T he a d v a n ta g e  o f th is  
o v e r  FA, th e  W a lk e r th e o ry , is  th a t  th e  fra m e w o rk  can
e f fe c t iv e ly  t r a n s fe r  v e r t ic a l  s h e a rs .
6 .2 .2 .8  FB F i t te d  c u rv e , F ig .  6 .8
A fo u r th  -o rd e r ,p o ly n o m ia l o f  th e  fo rm
Y = A + B x + C x2 + D xs +  Ex"1' 6 .2
w as f i t t e d  so a s  to  m in im is e  th e  sum o f th e  s q u a re s  o f
th e  e r r o r s ( le a s t  s q u a re s ) .  F o r th is  case l i  w as  fo u n d  th a t :
A = 3529,03 
B = 39988,4 
C = 213715 
D = 420108 
E = -306336
The p ro g ra m  used Is  g iv e n  In  A p p e n d ix  H . The re s u lt  
Is  r a th e r  s u r p r is in g  when com p ared  w i th  th e  th e o r ie s  F I 
to  F7 a s  I t  show s a m a rke d  d e c re a se  In  p re s s u re  to w a rd s  
th e  b o tto m . T he low e s t s ta n d a r d  d e v ia t io n  r e s u lts  a t  409, 
a s  w o u ld  be e x p e c te d .
6 .2 .3  E m p ty in g  c a s e  -  b ln  1 
6 2 . 3 . 1 E l W a lk e r 's  th e o ry  -  b in ! ,  F ig .  6 .9
As ca n  be seen th e  f i t  Is  o t v e r y  good w i th  a s ta n d a rd  ... 
d e v ia t io n  o f 15BI Pa.
6 . 2 .3 .2  E2 R a d ia l s tre s s  f i e l d  w ith  l i n e a r  e u t-O ff ,  F ig .  6 .1 0 .
T h is  s im p le  g ra p h  o f tw o s t r a ig h t  l in e s  p ro v id e s  th e  be s t 
f i t  o f  th e  5 th e o rie s  w i th  a s ta n d a r d  d e v ia t io n  o f 836 P a .
6 .2 .2 .3  E2.'': R a d ia l s tre s s  f i e ld  w ith  c u rv e d  c u t - o f f ,  F i g . 6.11
$h6n c u rv e  w as a d d e d  to  b e n d  to w a rd s  th e  X ;,.a x !s . T h is
"takea th e  g ra p h  a w a y  fro m  th e  r e s u lt s  on th e  o th e r  s id e
o f  th e  i n i t i a l  s t r a ig h t  l in e ,  F ig .  6 .1 0  an d  th e  r e s u lt .  is
a w orse  f i t  th a n  E2 w ]th  a s ta n d a r d  d e v ia t io n  "o f)
. '
6 .2 .3 .4  E4 F ram ew ork  w i th  h o r iz o n ta l ,  F ig .  6 .1 2 .
P re s s u re s  in c re a s e  fro m  th e  bo tto m  a s  th e y  s h o u ld  b u t 
a re  too s m a ll lo w e r dow n a n d  too h ig h ,  a t  th e  to p . fn e  
s ta n d a r d  d e v ia t io n  is  th e  m os t o f  a l l  th e  th e o r ie s  a t  1740 
P a .
6 .2 .3 .5  E5 F ram ew ork  w i th  o 1 In c l in e d  -a t 30° to  th e  h o r iz o n t a l ,  
F lfc . 6 .1 3 . ' ,  .
T he  r e s u lt  is  s im i la r  to  E 2 , o n ly  n o t q u ite  su ch  a good 
f i t .  S ta n d a rd  d e v ia t io n  = 1103 P a .
6 . 2 .3 .6 .  E6 F it te d  cu rve -, F>g. 6 .1 4 .
A fo u r th  o rd e r  p o ly n o m ia l ' w as  f i t t e d  w ith  e q n . 6 .2  a n d  
c o n s ta n ts :
A = 180,531 
B » 33404,1 
C = -5334,31 
D = 144 244 
E = 112 107
The c u r v e  is  a lm o s t a  p a r a b o la  a n d  has a s ta n d a r d  d e v ia t io n  
o f 251 P a .
A co m p a r is o n  o f  the. f i l l i n g  a n d  e m p ty in g  f i t t e d  c u rv e s  
Is  g iv e n  in  F ig .  6 .1 5 . T h e re  Is  a m a rke d  d if fe r e n c e  be tw een 
th e  tw o .
6 .3  B ln  sh a p e  2
6 . '& .1 ' T a b le  6 .5  a n d  6 .7  g iv e s  th e  e x p e r im e n ta l no rm a l 
p re s s u re s  fo r  f i l l i n g  an d  e m p ty in g  a t  each o f th e  m e a s u r in g  
p o in ts . , .1 ' \ 6  a n d  6 .6  g iv e  th e  p re s s u re s  a t  th e  m easu -
r l n g p .  I l in g  a n d  e m p ty in g  re s p e c t iv e ly  b y  v a r io u s , . ,
th e o r ie s , , .h e  s ta n d a r d  d e v ia t io n s ,  e q n . 6.1 a g a in s t  I
the  a v e ra g e  te s t r e s u lt s  a t  ea ch  m e a s u r in g  p o in t .  F it te d  
c u rv e s  a re  a ls o  g iv e n .
6 .3 .2  F I IH r  case s  -  b ln  2
6 .3 .2 .1 .  F I A c t iv e  s ta te  ( F ig .  6 /16 )
P re d ic te d  p re s s u re s  a re  on  th e  lew  s id e  du e  to  th e  p ro p e r  
w a ll  f r i c t i o n  a n g le  b e in g  e xce ed ed . S ta n d a rd  d e v ia t io n  
Is  h ig h e s t a t  1203 P a .
6 .3 .2 .2  . F2 E q u i l ib r iu m  o f fo rc e s  ( F fg .6 ,1 7 )
T he C oulom b th e o ry  g iv e s  a good a p p ro x im a t io n  fo r  th e  
v e r t ic a l  p a r t .  On th e  s lo p in g  p a r t  th e  s t r a ig h t  l in e  f i t  
Is  go od . T he s ta n d a r d  d e v ia t io n  a t 370 Is  th e  low e s t o f 
th e  th e o r ie s .
6 .3 .2 .3  F3 W a lk e r  th e o ry  ( F ig .  6 .1 8 )
A n o th e r f a i r l y  good s t r a ig h t  l in e .  The s ta n d a r d  d e v ia t io n
6 .3 .2 .4  F& B o o th 's  a d ju s te d  p i le  th e o ry  ( F ig .  6 .1 9 )
T he f i r s t  c u rv e d  th e o ry . T he f i t  Is  good w i th  th e  second
lo w e s t s ta n d a r d  d e v ia t io n  a t 419.
6 .3 .2 .5  F5 F ram ew ork  th e o ry  ( F ig .  6 .2 0 )
T he sha pe  o f the p re s s u re  c u rv e  Is  th e  b e s t \a lo n g  BC, 
b u t  I t  u n d e rc u ts  th e  r e s u lt s  a n d  th e  v a lu e s  a lo n g  AB a re
m uch .tpo h ig h .  A s ta n d a r d  d e v ia t io n  o f :709 P a " I s  o b ta in e d .
6 - 3 .2 .6  F6 F it te d  c u rv e s  ( F ig .  6 .2 1 )
S e p a ra te  f o u r th  o rd e r  p o fy n o m fn a fs  w ere  a p p lie d  to  j AG 
a n d  BC, e q n . 6 .2 .  F o r AB x  = d is ta n c e  fro m  13 + 500. 




C -42 92 2 ,4 2959,65
D 42,7060 -94 5 3 ,5 9
E 74959,1 -35 55 ,04
T he s ta n d a r d  d e v ia t io n  Is  lowest, a t  161 P a .
6 . 3 .3 .  E m p ty in g  cases -  b ln  2
6 .3 .3 .1  E l W a lk e r 's  th e o ry  ( F |g .  6 .2 2 )
C u rv e  (a )  g r o s s ly  u n d e re s tim a te s  th e  p re s s u re s  In  BA e n d i 
c u r v e  ( b )  g ro s s ly  o v e re s tim a te s  th em . C u rve  (a )  p ro d u ce s  
th e  c lo s e s t o v e r a l l  f i t  w i th  a s ta n d a r d  d e v ia t io n  o f 1320 
a g a in s t  1995 fo r  c u rv e  ( b ) .  Net h e r  c u rv e  p ro d u ce s  a good 
f i t  In  th e  s lo p in g  p a r t  CB.
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6 .3 .3 .2  E2 R a d ia l s tre s s  f i e ld  w i th '  c u rv e d  c u t - o f f  { F ig . 6 .2 3 )
The p re s s u re s  In  BA w e re  ta k e n  w i th  h in d s ig h t  as  h y d r o ­
s ta t ic  w h ic h  p ro v id e s  a v e r y  good f i t .  In  CB th e  c u rv e d  
c u to f f  does no t a s s is t  m uch In  Im p ro v in g  th e  f i t .  T h e  s ta n d a r d  
d e v ia t io n  Is  lo w e s t a t  859 P a .
6 .3 .3 .3  , E3 F ra m e w o rk  w i th  o, h o r iz o n ta l (F Jg . 6 .2 4 )
T he p re s s u re s  In  th e  to p  BA tu rn  o u t r id ic u lo u s ly  h ig h
an d  th e  p re s s u re s  In  CB u n d e rc u t th e  r e s u lt s ,  a lth o u g h
th e  sha pe  Is  go od . T he ‘s ta n d a r d  d e v ia t io n  Is  3443 w h ic h  
Im p ro ve s  to  945 i f  th e  v a lu e s  In  E2 a re  used fo r  BA.
6 .3 .3 .4  E4 F ra m e w o rk  w i th  a t  30® to  th e  h o r iz o n ta l1 
{ F ig .  6 .25 )
A g a in , m uch too  h ig h  p re s s u re s  In  BA , b u t  th e  p re s s u re s  
In  CB a re  v e r y  s im i la r  to  E2. The s ta n d a rd  d e v ia t io n  Is
1685 a n d  w o u ld  be  lo w e s t a t  836 I f  th e  v a lu e s  In  E2 a re
use d  fo r  BA.
6 .3 .3 .5  E5 C om bined fra m e w o rk  n o . 'l ( F ig . 6 .26 )
P re s s u re s  In  BA a re  Im p ro v e d . A sud de n  ju m p  In  p re s s u re
exce ed s  th e  m ea su red  v a lu e s  In  CB. A b e t te r  f i t  Is  o b ta in e d
to w a rd s  the  top o f th e  s lo p in g  p a r t .  S ta n d a rd  d e v ia t io n
6 .3 .3 .6  E6 C om bined fra m e w o rk  n o .2 ( F ig .  6 .2 7 )
A n o th e r b u lg e  p ro d u c e d  In  th e  w ro n g  p la c e . S ta n d a rd  d e v ia ­
t io n  Is  1648 P e .
6 .3 ,3 .7  E? C om bined fra m e w o rk  n o .v  . ( F i g ,  6 .2 8 )
T he b e s t o f  th e  com b in ed  fra m e w o rk s  w i th  a s ta n d a r d  d e v ia ­
t io n  o f 1040 P a .
6 .3 .3 . r .  ' E8 Pseudo r a d ia l  s tre s s  f i e ld  ( F ig .  6 .2 9 )
A .v e ry  s im p le  r e s u lt  w ith  tw o  s t r a ig h t  l in e s  g iv e s  the  
second b e s t f i t .  S ta n d a rd  d e v ia t io n  Is  1019 P a .
6 .3 .3 .9  E9 F i t te d  c u rv e s , ( F ig s .  6 .3 0  a n d  6 .3 1 )





-53 ,2 6 1 4 -19571,17
-2 0 ,1 0 2 9 1154,01
T h e  low e s t s ta n d a r d  d e v ia t io n  a t 227 Is  o b ta in e d .  E m p ty in g
and,, f i l l i n g  f i t t e d  c u rv e s  a re  com p ared  In  F ig .  6 .3 1 . T he re
is  a m a rk e d  d if fe r e n c e  be tw een th e  tw o .
6 .4 ,  S um m ary
T a b le  6 .9  su m m a rise s  th e  th e o r ie s  In  o rd e r ; o f goodness
o f f i t  fo r  b o th  b ln  sha pe s  fo r  f i l l i n g  a n d  e m p ty in g .
In  b o th  b in s  e q u i l ib r iu m  o f fo rc e s  fo llo w e d  b y  B o t ith 's  a d ju s te d  
p i le  th e o ry  ( le a v in g  o u t th e  one fra m e w o rk )  a re  b e t te r  th a n  
W a lk e r fo r  f i l l i n g ,  a n d  th e  r a d lL .  s tre s s  f ie ld  w ith  a c u t - o f f  
Is  b e s t fo r  e m p ty in g .
T he q u e s t io n  a r is e s  as to  w h ic h  o f th e  th e o rie s  Is  th e  m ost 
s a t is f a c to r y  to  a p p ly  In  a l l  s i tu a t io n s .  T he a n sw e r ca n  
o n ly  be  g iv e n  fo r  th e  tw o sh a p e s  o f b ln  a n d  the  m a te r ia l 
te s te d  h e re , a lth o u g h  re a s o n a b le  e x t ra p o la t io n  to  o th e r  sh a p e s  
an d  m a te r ia ls  s h o u ld  be  p o s s ib le .  A p r a c t ic a l  b in  is  se ldom  
tw o d im e n s io n a l.  U s u a lly  th e re  a re  d iv id in g  w a l ls  a n d  th e re  
is  a s lo p e  in  b o th  d i r e c t io n s  a t  th e  o u t le t .  A ty p ic a l  co n ­
f ig u r a t io n  Is  show n in  F ig .  6 .3 2 . Such a b ln  w o u ld  be  d e s ig n e d  
fo r  ' tw o  d im e n s io n a l p re s s u re s  a c t in g  In  a p la n e  n o rm a l 
to  ea ch  w a l l .  T h is  w o u ld  p re s u m a b ly  e r r  on th e  s a fe  s id e .
A s q u a re  deep b u n k e r  is  d i f f e r e n t  a n d  s o fu t io n s  fo r  a c i r c u la r  
c ro s s  se c t io n  m ay be  a p p l ie d .
The th e o r ie s  fo r  p re s s u re s  In  tw o  d im e n s io n a l b in s  m ay 
be .d iv id e d  In to  tw o ty p e s  : f i l l i n g  p re s s u re s  a n d  e m p ty in g  
p re s s u re s .
F o r f i l l i n g ,  e q u i l ib r iu m  o f fo rc v s  is  ea sy  to  a p p ly  a n d  p ro ­
duces  good r e s u lts  w hen a s t r a ig h t  f fh e  o r  c u rv e d  d is t r ib u t io n  
o f w a l l  p re s s u re  Is  assu m ed . T h is  show s th a t th e  a s s u m p tio n  
th a t  h o r iz o n ta l s tre s s  on th e  c e n tr e l in e  in c re a s e s  l in e a r ly  
w ith  d e p th  Is  a re a s o n a b le  one f o r  a s h a llo w  t i r n .  T he l in e  
o f a c t io n  a n d  w e ig h t o f  th e  m a te r /a l Is  f u l l y  d e te rm in e d , .. 
Stime d i f f i c u l t y  a r is e s  w ith  b ln  2 In  g e t t in g  th e  fo rc e  on 
th e  v e r t ic a l  w a l l .  The p re s s u re  Is  m ore  th a n  th e  a c t iv e  
p re s s u re . C o u lo m b 's  a n a ly s is  w h ic h  ta k e s  w a ll  f r i c t i o n  In to  
a c c o u n t g a v e  re a s o n a b le  r e s u lt s  h e re .
P ro v id e d  I t  Is  a d ju s te d  to  g iv e  Ih e  c o r re c t w a l l  f r i c t i o n  . 
a n g le ,  B o o th 's  p i le  th e o ry  g iv e s  good re s u lt s ,  b u t  needs 
a lo t  o f  c a lc u la t io n .  S tre sse s  e re  a lw a y s  In  e q u i l ib r iu m  
fo r  a n y  sha p e  o f b ln .  T he fre e  s u r fa c e  Is  a d ju s te d  to  s lop e  
a t  th e  a n g le  o f  f r i c t i o n  6 ,
6-10
W a lk e r 's  th e o ry  fo r  f i l l i n g ,  w h ic h  n e g le c ts  v e r t ic a l  f r ic t io n  
an d  a c c o u n ts  f o r  th e  c o r re c t w a ll f r l c t l o p  a n g le ,  Is  easy 
to  a c p ly  an d  g iv e s  re a s o n a b le  re s u lt s ,  a lth o u g h  th e  s lo p in g  
fre e  s u r fa c e  m u s t be le v e l le d  o f f  an d  tre a te d  a s  a s u rc h a rg e .
The fra m e w o rk s  a p p lie d  he re  ha d  s t r a ig h t  m em bers w i th  a
v e r t ic a l  w h ic h  Is  c o r re c t a t  th e  c e n tr e l in e  b u t w ro n g  a t 
th e  w a l l .  C o n s e q u e n tly  e x t ra  h o r iz o n ta l m em bers w ere  r e q u ir e d  
a t th e  w a l l .  N e v e rth e le s s  v e r y  good r e s u lt s  w e re  fo u n d  fo r  
b ln  1 an d  f o r  th e  s lo p in g  p o r t  o f b in  2 . P re s s u re s  in  th e  
v e r t ic a l  p a r t  o f  b in  2 w ere  too h ig h .  A com p ro m ise  fra m e w o rk  
w ith  s t r a ig h t  l in e s  in c l in e d  a t 18° an d  38° to  th e  v e r t ic a l
s h o u ld  g iv e  b e t te r  r e s u l t s - f o r  b ln  1 ( th e se  a n g le s  w i l l  v a r y  
w ith  S an d  * w !) .
F o r c a lc u la t in g  e m p ty in g  p re s s u re s  th e  r a d ia l  s tre s s  f ie ld  
w ith  l in e a r  c u t  o f f  i s  s im p le  an d  e f fe c t iv e .  In  th e  case
o f b ln  2 th e  p re s s u re  on th e  v e r t ic a l  w a l l ,  a n d  th e  r a t io  
be tw een n o rm a l w a l l  p re s s u re  be low  an d  a b o ve  th e  t r a n s i t io n  
m ust f i r s t  be  c a lc u la te d .  T he use o f f u l l  f l u i d  p re s s u re
fo r  th e  n o rm a l s tre s s  w i th  f u l l  w a l l  f r i c t i o n  a n g le  w as a 
good a p p ro x im a tio n  f o r  th e  v e r t ic a l  p a r t .  T he  r a t io  o f  p re s ­
s u re s  be lo w  to  a b o ve  w as  too h lg h t  a t  2 . a v a lu e  o f  1 w o u ld  
be b e t te r .  T h e  pse ud o  r a d ia l  s tre s s  f i e ld  fo r  b ln  2 w as 
s im p le  an d  f a i r l y  good .
The fra m e w o rk  w ith  s t r a ig h t  m em bers an d  o, a t  30° to  th e  
h o r iz o n ta l p ro v id e s  an  a v e ra g e  v a lu e  o f th e  s lo p e  o f 0i be tw een 
th a t one th e  c e n tr e l in e  ( O ' ) a n d  th a t  on th e  s lo p in g  w a ll 
( 6 0 ') .  Good r e s u lt s  w e re  o b ta in e d  fo r  b in  1 a n d  th e  s lo p in g  
p a r t  o f b in  2 , b u t th e  v a lu e s  fo r  th e  v e r t ic a l  p a r t  o f b ln
2 »vere too h ig h .  T h is  m ay be Im p ro ve d  b y  c h a n g in g  th e  
s lop e  o f o, to  15® in  th e  v e r t ic a l  p a r t .
W a lk e r 's  m ethod fo r  th e  h o p p e r tr e a ts  th e  lo a d  a b o ve  th a t  as 
s u rc h a rg e . T he f i t  Is  n o t v e ry  go od . T h is  m ay be  du e  to 
th e  a s s u m p ilo n  th a t th e  v e r llc a #  s tre s s  on a h o r iz o n ta l  se c t io n  
re v ’- In s  c o n s ta n t.
I t  is  Im p o rta n t th a t  th e  d e n s ity  V ,  e f fe c t iv e  In te r n a l f r i c t io n  
a n g le  6 a n d  w a ll  f r i c t io n  a n g le  4^  be de term ine
th e o rie s  w ith  e x p e r im e n t th e  h ig h  p re s s u re  
p e a k s  m ea sured  a t th e  p la te  o v e r la p  in  b in  1 s h o u ld  be 
n o te d . T h e re  a r e la t iv e ly  m in o r  fe a tu r e  ha s  cau sed  a p re s s u re  
p e a k  w h ic h  in d ic a te s  th a t  some i r r e g u la r i t y  c o u ld  cau se  
a lo c a l h ig h  p re s s u re  in  a f u l l  s iz e  b in .  \\
TABLE 6.1 B in 1. F i I l in g . M easured Normal Pressures (P a . )
(1 ) 4  (2)
R
22 .
V - U  ' :  h  . 23 lT L 4 , 24 - *
A ve ra g e
, 32.5 4747 4987 5>55; 4452
; 2 72,5 5760 5603 4945, 5485 , 5804 5583
3 112,5-:, 6033 5597 5338 5510 4323 4992 5188.
4 152,5 5590 6453 5705 6241 5574 6254 5852
■ r J 9 2 .5 5975 5634 4637 - 8273 7292 6857 7118 9330 8881
6 ,2 57 ,5 5132 49-39 6935 • 583'1‘ -6 2 0 0 .---5 U 4 ™
7 297,5 4716 4578 4656 4456 4460 4889 4743 4669
0 '  337,5 4638 5219 4346 4632 4800 4869 4962 4804
37 7 ,5  . 4604 4798 3911 4791 4661 4458 4647 r 4966 4656
to 417,5 3827 3894 7929 4004 3454 4309 4620
*  . n 482,5 3397 3373 3264 3492 3623 3776 3511
" 12 522,5 3619 3112 3392 3028 3644 3359
h 562,5 2255 2403 2072 2429 2712 2440 2361
602,5 1323 1349 n  j? m e 1339 1632 1288
*  15 I 42 - 5 421 153 420 705 .
NO;£es (1) Slope d is ta n c e  from  faotn 
(2 ) 20 - 4 . - Test 20, set 4 .
TAb\ \ £  6 .1 B in 1, F i l l in g . Measured Normal Pressures (P a . )
%A 1 4 i  2) 4 4 4 ,23 4 4 A v e ra g e
y mm I  L L R L .  R L R
, 32,5 4747 4452 4430 5097
2 72,5 5760 5603 5425 5611
3 112,5 6033 5597 5338 4459 4323 ,5474 4992
'4 152,5 5590 6453 5705 5582 6011 5574 6254
' 5 192,5 50.75- 5634 4637 5314 7292 6857 7118 9330 8881
6 257,5 5132 5673 ”4939 5086- - 4 9 8 7 - -"5 03 1= —5128== ,,5200< 7 297,5 4894 4716 4656 4281 4456 4460 4889 4743 4669
, ‘ B 337,5 5267 4033 4346 4568 4632 4800 4869 4804
9 377,5 5201 4604 3911 4791 4661 4458 4656
-< .1 0 417,5" 393 5 4227 3827 3894 7929 4004 3454 4620
482,5 3896 3567 3382 3397 3373 3264 3492 3511
522,5 3619 3112 3392 3359
13 562,5 2255 2002 2072 2712 2361
602,5 " 1323 1111 1116 1119 1466 1339 1286
15 642,5 32 153 ' 253 526 420 379
Notes ( I ) S lope d is ta n c e  from  bottom  
(2 ) 2 0 - 4  T es t 20, set 4 .
TABLE 6 .2  B IN  1 F i l l i n g  P re ssu re s  A c c o rd in g  to  Seven T h e o r ie s , 6  F it te d  C u rve  
( P . J
!
F4 * F5 F6
32 ,5 4813 6211 4409 5828 4616
2 72,5 5583 5879 4271 5534 5456
,.3 112,5 5188 4129 5433 5871
4 152,5 4370 3984 5225
5 192,5 4024 3834 5008
6 257,5 5114 3462 5280 3577 4630
2?7,5 4669 • 4321 3407 4377 5168
V ® 337,5 4804 4008 3224 4103 "  4 8 5 2 '" - - -
9 "377,5 3695 4403 3339 3024 3804 , 4300 " 4542
417,5 3976 3005 3471 4203
482,5 3511 3140 2464 2630 3574
522,5 3359 1171 2538 2005 2348 3107 M61
562 5 2361 825 1869 1561 2494 ' " ' " I 'Aso
14" 602,5 1288 479 980 1542
642,5 379 134 1618 1132 942 203
S ta n d a rd  O e v ia t/o n * 0 .1100 409
TABLE 6 .3  B ln  1 E m p ty in g  M easured N orm al P ressu res ,
s,
- X ;;i  -. 4 5 A v e ra g e
20 - 5
L R R
32,5 1462 i4'3e 1230 1203 1676 1343 1535
." '7 2 ,5 230p 2506 2306 2375 26'11 2614 2468 2487
112,5 331^ 3147 3038 3099 3181 3121
152,5 5449 4336 3908 5044
192,5 541? 7348 3742 5742
6 257,5 6 6 ^ 7103 6933 6051 6444 6503 6611
— 7 - w ; * O M p 6519 6387.; 6144 6106 6469 . , , ,6 .4 4 6 ,,, ,,
6 337,5, 6M 4 7069 7230 6069 6199 6676
9 377,5 62^9 6440 5726: 6064 7151
10 417,5 6085 4945 5921
11 462,5 5idie 4102 4390




602,5 1262 1262 1660 1298
642,5 4&5 232 278 565 , 378
TABLE 6 .4  B ln 1 Em ptying  Pressures A ccord ing  to F iv e  Theories an d  F itte d i C urves  
■ . P a . ) _________________________  - . .
E i E2 . E4
( f u t e d ) . .  .
1 32,5 3496 1156 786 . 95s ■;) 1235
2 72,5 1894 1451 1640 2522 s '
3 112,5 4648 2637 2622 2131 2320 3682 '
4 152,5 5044 4683 , 3378 2862 3002
' 5 1-92,5 5742 4983 4116 4001 5536
6 257,5 6611 5322 4965 4781. 6458
7 297,5 6440 6062 5444 5456 6726
6 337,5 6802 4612 6803 6127 6756 -
9 377,5 6463 4367 : 7544 5350 6796 6547
417,5 6122 4075 6726 6034 5156 7168 6106
482,5 4710 3518 4908 5583 4609 5585 4929
522,5 4300 3129 , 4938 ' 4175 3957
13 562,5 2946, 2710 3962 2918 . 2833
14 602,5 1299 2605 1727 1595
15 642,5 376? 819 3360 55 287
S ta n d a rd  Dev ia t io n 636 1057 1740 . ,0 3 251 1




R L 2 r
A v e ra g e
32,5 ,5031 4039 5232 41)1 4668
2 72,5 •5863 4987 4835
3 112,5 4714 ';> 46 4719 4953 4770 4861 5228
4 152,5 5377 9&,7 5351 '5324 5390 5259 5328
5 192,5 5130 15025 5027 4575 5369 4881 4780 4956
.6 4818 5001 4201 4794 480',. 5009 4841 4383 4710'
7 4117 4252 4496 4048 4?43 .4382 4445 4212 4253
8 337,5 4277 4367 4417 4700 3996 3942 4250
9 377,5 4414 4374 4199 4372 4092 4127 4269
10 41.7,5 3699 3894 3168 3325 4025 3280 3922 2946 3538
34 1548 1427 1625 1419 1423 1325 1452
12 ;1279 1254 1160 1168 951 1295 1224
13 114 835 1263 815 1066 744 f ?43 719 1104 952
14 154 488 520 480 496 530 367 377 519
194 189 95 0 193 72 -372
(1 ) 1 - 1 0  Slope d is ta n c e  from  C (bo ttom )
I V -  15 V e r t ic a l d is ta n c e  frc-n  B ( ju n c t io n )
(2 ) 1 7 - 2  Test 27, Set 2 . , ^  . f  . '
T a b le  6 . 6  B ln 2 . P i l l in g  Pressures accord ing  to F iv e  Theories an d  F itte d  C urves
( P a . )  ________________ _______ ____________ _
W
FI OF 2 F4
/ .
F6 ( f i t te d )
1 ,  32,5 4668 .,-5143 5235 5523;;, 4366 4872 ■
2 ' 72,5 5376 4796 5155 5648 4671 5111
3 112,5 5228 5074 5516 SI 26 4650 5220
A 152,5 5328, 4994 5183 4916 4496 5211
5 192,5 4956 4913 4696 4336
6 257,5 4710 4783 4310 4310 ,4049 4748
7 297,5 4253 4704 3918 4050 ,3853 4471
8 337,5 4250 3646 3765 3756 4183
9 377,5 4269 3450 3923
417,5 3536 1793 3732
M 34 1452 778 1310 1110 2880 1476
12 1224 600 1011 1424 i22S 1225
13 952 422 711 764 1157 1569 909
14 244 411 576 761 B71 520
15 39B 237 53
S ta n d a rd  D e v ia tio n 586 419 709
i :  -





31 -  
L
A ve ra g e
1 32,5 1235 1293 1137 1134 1265 1116
2 72,5 2438 2504 2612 1980 2363 2115 2296
3 112,5 2668 3526 2475 2295 2886
152,5 4090 4433 4964 4420 4182 4461 4393
5 192,5 4866 3545 5273 4330 3226 4679 3631 3792 4213
257,5 6131 6189 5067 6575 6202 5424 6074 5695 5922
7 297,5 5599 5924 5775 6146 5965 5662 6163 5638
8 337,5 6094 6388 6416 5917 6086 6077 6353 6160 6466 6209
9 377,5 . 6428 6056 6088 5843 5936 5664 6397 6076 6407 6105
10 417,5 5306 4601 5696 4774 5038 4663 5785 4749 4996 4237 4985
34 2514 2220 2605 2166 2241 2258 2599 2273 2439 2287 2360
74 1994 2079 2157 1928 1862 1925 1938 1869 1626 2060 1966
1620 1304 1561 1284 1660 1659 1447
590 728 668 492 549 599
m 0 ° 0 -220
•' 1
4  \  - 
1
I
T a b le  6 .6  B in  2 E m p ty in g  P re ssu re s  a c c o rd in g  to  E ig h t T h e o r ie s  a n d  F it te d  C u rv e
mm TaJ.5) <E, y (b )  " E3 E5
E9
( f i t t e d )
1 3a* 5 3514 1032 948 948 1350
2 72,5 4245 1758 2175
3 112,5 2886 4675- 2367
4 152,5 4393 4915 3378 2920 3022 3022
192,5 5019 4118 3618 3737 3737 4661
6 531.6 > 3 5 2 .4668 8019 5105 5714
7 297,5 5630 4850 6043 5544 7241 5810 6104
6 337 4661 6719 l0 3 6276.: 6653 6520 6196
9 377,5 6105 " 4420 722/ .000 ■ 6.757 5712 6757 5891
417,5 4985 4132 7 i: . , r , ' 4654 68(?0 5186 71 20.. 5060
2360— 793S~ 6021 2796 2796
74 1966 905 4424 1996 7217 2324
114 1447 726 3730 1367 1864 1864
154 599 544 2954 738 1653 1694 1694
15 /, 194 -13 358, 2087 5122 40 943 943 -4 9
S tai d a rd  D e v ia tio n 1320.' 859 3443 T685 '040 227
945 @36 '(1)
(1 ) These v a lu e s  o f  s ta n d a rd  d e v ia t io n  w ere  o b ta in ed , when th e  11 to  15 ( v e r t ic a l  w a l l )  v a lu e s  
o f EI?ji w ore  used In s te a d  o f those shown fo r  E3 en d  £4  re s p e c t iv e ly .
T a b le  6 ,9  O rd e r  o f f i t  f o r  th e o r ie s
N ote : S ta n d a rd  d e v ia t io n  In  b ra c k e ts .
F i l l i n g  -  B ln  1 , :!
F3 E q u i l ib r iu m  o f fo rc e s . P a ra b o lic  D ls t^ ib u t l i i ln  (550)
F7 F ra m e w o rk  th e o ry  (742) ^
F6 B o oths A d ju s te d  PH e T h e o ry  (641)
F2 E q u i l ib r iu m  o f  F o rce s . L fn e e r  d l s i r ib u t io n  (960)
F4 W a lk e r  T h e o ry  (1100)
F5 B o o th 's  P i le  T h e o ry  (1522)
F I A c t iv e  s ta te  (17 73 ).
F i l l i n g  -  B ln  2
F2 E q u i l ib r iu m  o f fo rc e s  (370)
F4 B o o th 's  A d ju s te d  P i l e  T h e o ry  (4? 9 ).
■ F3 W a fk e r  T h e o ry  (586)-
F5 F ra m e w o rk  T h e o ry  (709)
F I A c t iv e  s ta te  (1 2 0 3 ).
E m p ty in g  -  B in  1
E2 R a d ia l S tre ss  F ie ld  w i th  L in e a r  C u to ff  (836)
E3 R a d ia l S tre ss  F ie ld  w ith  C u rv e d  C u to ff  (1057)
E5 F ra m e w o rk  w i th  In c lin e d  a t 30® to  h o r iz o n ta l (1103) 
E l W a lk e r 's  th e o ry  (1581)
E4 F ra m e w o rk  w ith  o , H o r iz o n ta l (1740)
E m p ty in g  -  B ln  2
E2 R a d ia l S tre ss  f ie ld  w i th  c u rv e d  c u to f f  (859)
EG Pseudo R a d ia l S tre ss  F ie ld  (1019}
E7 C o m b in e d 'F ra m e w o rk  N o .3 ( 1040)
E5 C om b in ed  F ram ew ork  N o .1 (1129)
E l ( a )  W a lk e r 's  T h e o ry  (1320)
E4 F ra m e w o rk  w ith  o^ a t 30° to  h o r iz o n ta l (1685)
E l (b )  W a lk e r 's  T h e o ry  (1995)
E3 F ra m e w o rk  w ith  o 1 h o r iz o n ta l (3 4 4 3 ).

6 .2 :  B in  1 f i l l i n g  F2- E q u il i
F ig u re  6 .3 :  B in  1 f i l l i n g  F3. " E q u i lib r iu m  o f fo rc e s  -  p a r a b o lic  
d is t r ib u t io n
F ig u re  6 .4  : B in  1 f i l l i n g  F4. W a lk e r  th e o ry  fo r  f i l l i n g
S u r fa c e  L eve l
B ln  1 f i l l i n g  F 5 . B o o th 's  p i le  th e o ry
a
• ■ ' , V  S "  1
11
B ln  ! f i l l
S u rfo ce  Level:
F ig u re  6 .7  : Bin 1 fill in g  F7 . Framework theory
F ig u re  6 .8  : B in  1 f i l l i n g  F8. F it te d  c u rv e d  ( f o u r t h  o r d e r  p o ly n o m ia l)
S u rfo c e  Leve+
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CHAPTER 7
DISCUSSION AND CONCLUSIONS
7 .1 -  .M easu rem ent o f  no rm a l a n d  s h e a r  s tre sse s
T he m ethod o f m e a s u r in g  n o rm a l p re s s u re s  w as to  in s tru m e n t 
each o f 5 p la te  spa n s  an e a ch  o f  s ix  p la te  e le m e n ts . S h ea r 
s tre s s  w as  m ea sured  as  an  a v e ra g e  f o r  ea ch  R la te . The
a d v a n ta g e s  w ere  s im p l ic i t y ,  a v o id in g  s e a l in g  aro un ^ l s e p a ra te  
lo a d  c e l ls ,  less  w o r ry  a b o u t th e  s t i f fn e s s  o f a s e p a ra te  loa d  
c e l l ,  in  w h ic h  th e  p re s s u re  m ig h t re d u c e  as  I t  d e fle & ts , a n d  a 
la rg e  n u m b e r o f no rm a l p re s s u re  m ea su rem en ts  p e r | s id e . The
s h e a r  s tre s s  m easurem en t h a d  th e  d is a d v a n ta g e  o |  o n ly  one
m ea surem en t p e r  p la te .  The o v e r la p  o f p la te s  n lc e s s a ry  to  
s e a l- . th e  b ln  c re a te d  p re s s u re  p e a k s  In  some testjk o f b in  1 
( f o r  e x a m p le , F ig  3 .6 ) .  In  c a l i b r a t in g  fo r  n o rm a l p re s s u re  one 
s p a n  a t  a tim e  I t  w as  fo u n d  th a t  a d ja c e n t ^p 'ans w ere
a f fe c te d . T h is  w as ig n o re d  a n d  ta k e n "  p a r t i a l l y  l^to-' a cco un t 
b y  c a l i b r a t in g  in  s i lu  w i th  water? a t  d i f f e r e n t  d e p th s  ( c h a p te r  
2 ) .  T h is  Is  a d is a d v a n ta g e  co m p a re d  to  u s in g  s e p a ra te  lo a d
c e l ls .  T h e re  is  sbme s l ig h t  a ss y m m e try  e v id e n t ,  F ig s  3 .3 8  an d
3 .3 9  In  b in  2 a n d  n o th in g  d e te c ta b le  In  b ln  1.
T he f l e x i b i l i t y  o f the b ln  m ay a ls o  h a v e  ch a n g e d  t(ie  p re s s u re  
r e a d in g s .  F o r e xa m p le  th e  d ro p  In  p re s s u re  a t  thejj b o ttom  fo r
f i l l i n g ,  F ig s  3 .17  and 3 .3 8 . ■
7 .2  S ca le  e f fe c t |
A p f l r t  fro m  th e  p o s s ib le  de fe c ts  in  th e  m e a s u r in g  sys te m , th e re  
Is  th e  q u e s t io n  o f s c a le  e f fe c ts .  T he u s u a l p ro b le m  Is  how to - 
p r e d ic t  s tre s s  a n d  s t r a in  a n d  o th e r  q u a n t i t ie s  i, on th e  
.p ro to ty p e  from  model m easurem en ts  . T he p ro b le m ')h e re  Is :
w o u ld  th e  d is t r ib u t io n  o f s tre s s  on  th e  w a l ls  be  g e o m e tr ic a lly  
S im i la r ,  a n d  w o u ld  a th e o ry  use d  to  p r e d ic t  th e  s tresse s  g iv e  
th e  sam e a c c u ra c y  fo r  m odel a n d  p ro to ty p e ?  The b e s t w ay  to
In v e s t ig a te  t h is  w o u ld  be  to  te s t,  u s in g  th e  same s a n d , a 
g e o m e tr ic a lly  s im i la r  m odel .m ade a s  la rg e  as  p o s s ib le  . T he 
q u a n t i t ie s  a f fe c t in g  th e  r e s u lt s  a re  d e n s ity ,  an d  In te r n a l  an d  
w a l l  f r i c t io n  a n g le  w h ic h  w o u ld  be kno w n  fo r  m odel an d  
p ro to ty p e . V a ry in g  f l e x i b i l i t y  o f  th e  b ln  w a l ls  a n d  th e  r a t io  
o f  p a r t ic le  s iz e  to  b ln  s iz e  c o u ld  p ro d u ce  a sc a le  e f fe c t .  On 
th e  o th e r  h a n d  b e cau se  th e  m ovement Is  la rg e  f l e x i b i l i t y  o f  
th e  b ln  sh o u ld  no t m a t te r ,  e s p e c ia l ly  a t  d is c h a r g e .  The 
p a r t ic le  s iz e  Is  sm a ll com p ared  to  th e  m odel s ize  a n d  so I t  
s h o u ld  ha ve ,}n o  e f fe c t .
7 .3  E f fe c t o f  e n d  w a lls
The g la s s  end w a l ls  w e re  400mm a p a r t  a n d  ha d  a n  o b s e rv e d  
f r i c t i o n  e f fe c t ,  a l th o u g h  th e  a n g le  o f f r ic t io n  o f s a n d  on g la s s  
Is  lo w e r th a n  th a t  o f  sa n d  on s te e l.  As no te d  In  c h a p te r  3 th e  
s u r fa c e  w as h ig h e r  a t  th e  g la s s  th a n  In  be tw een on  e m p ty in g  
a n d  th e  summed w e ig h t w as  a lw a y s  less th a n  th a t  fro m  th e  
lo a d  c e l ls .  T h e re fo re  th e  m e a su re d  n o rm a l an d  s h e a r  s tre s s e s  
w ere  sc a le d  up  b y  th e  a p p r o p r ia te  r a t io  fo r  each te s t .  T he 
a v e ra g e  r a t io  w as  1,24 fo r  b ln  1 , ta b le  3.1  a n d  1,18 fo r  b in  
2 , ta b le  3 .4 . T h is  c o r r e c t io n  e n a b le d  th e  co m p a r iso n  o f th e o ry  
w ith  e x p e r im e n t to  be  m ad e . T he end w a ll  f r i c t i o n  th e re fo re  
m akes th e  f lo w  to  some e x te n t th re e -d im e n s io n a l a n d  th is  m ay 
r e s u lt  in  a f ' . J n g e  In  c o n d it io n  com p ared  to  th e  
tw o -d im e n s io n a l-  .a s e . I t  Is  assum ed th a t th e  th re e -d im e n s io n a l 
e f fe c t once -the a b o ve  c o r re c t io n  ha d  been m ade w as 
n e g l ig ib le .
7 .4  S w itch  p re s s u re
An a tte m p t w as m ade to  o b s e rv e  s w itc h  p re s s u re s , s e c t io n  3 .3 . 
A s w itc h  p re s s u re  Is  p o s tu la te d  as  a p o in t  lo a d  a t  th e  
In te r fa c e  o f th e  f i l l i n g  a n d  e m p ty in g  re g im e s , a s s u m in g  th a t 
be lo w  I t  th e  e m p ty in g  re g im e  Is  f u l l y  e s ta b lis h e d  a n d  ab o ve  I t  
th e  f i l l i n g  re g im e  Is  s t i l l  u n d is tu r b e d .  T h is  w as show n to  be 
fa ls e  fo r  th e  b in s  te s te d . An Im p o rta n t d is c o v e ry  w as  th a t  (a )  
th e re  w as a r a p id  t r a n s i t io n  o v e r  th e  f u l l  w a l l  fro m  f i l l i n g  to
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e m p ty in g  p re s s u re s  an d  th a t  ( b )  In te rm e d ia te  p re s s u re  
d is t r ib u t io n s  la y  be tw een th e  tw o e x tre m e s  a n d  th u s  no p o in t 
lo a d  o c c u r re d . T h e re  c o u ld  be  a s w itc h  p re s s u re  th a t  occu rs  
In  h o p p e rs  w i th  v e ry  m uch ■ s teeper, s id e s . In  re fe re n c e  
. th e  p re s s u re  p e a k  a t th e  ju n c t io n  o f in c l in e d  a n d  v e r t ic a l  
w a l l  is  e r ro n e o u s ly  re fe r r e d  to  a s  a  s w itc h  p re s s u re . The re  
w ere  15 p o in ts  dow n a s id e  fo r  m ea surem en t o f  n o rm a l 
p re s s u re , so I f  th e re  w as a s w itc h  p re s s u re  Vi t  v s h o u ld  h a ve  
been p ic k e d  u p .  H ig h  c o n c e n tra t io n s -  w ere  p ic k e d  u p  In  b in  1 
In  some test's  du e  to  a r c h in g  a t  th e  p la te  o v e r la p s  ( F ig  3 .2 ) .
7 i5  M ass f lo w  a n d  p ip in g
In  b ln  1 I n i t ia l  f lo w  w as o b s e rv e d  to  o c c u r dow n th e  c e n tre  
w i th  th e  r e s u l t  th a t  th e  s u r fa c e  d ro p p e d  fa s te r  fn  th e  m id d le . 
T o w a rd s  th e  en d  the s u r fa c e  le v e l le d  o u t a g a in ,  F ig  3.3» 
I n d ic a t in g  f lo w  o f  a l l  th e  m a te r ia l .  A f a i r l y  b ro a d  a c t iv e  zone 
c o u ld  be  o b s e rv e d  w ith  fe e d e r ,zones on th e  s id e  a n d  on the 
s u r fa c e .  T he f r i c t i o n  a n g le s  m ea su red  on  th e  w a l ls  in d ic a te d  
th a t th e re  w as  d o w n w a rd  movement th e re  a l l  th e  tim e  a lth o u g h  
n o t seen b y  th e  n a ke d  e ye .
In  b ln  2 a d is t in c t  b ro a d  co lu m n w as o b s e rv e d  to  be  m o v in g , 
F fg  3 .2 6 , th e  a p e x  fo rm e d  In to  a tro u g h  a n d  th e n  th e  s u rfa ce  
f la t te n e d  o u t a g a in  a f t e r  th e  s u r fa c e  d ro p p e d  be low  the  
v e r t ic a l  p a r i .
7 .6  D yn a m ic  e f fe c ts
I t  w as assum ed th a t a c c e le ra t io n  o r  v e lo c i t y  e f fe c ts  w ere 
n e g l ig ib le  so th a t  no f lo w  p re s s u re s  w o u ld  b e  th e  sam e as 
f lo w  p re s s u re s  a t the- In s ta n t w hen f lo w  s to p p e d . T h is  s t i l l  
a llo w s  ch a n g e s  w ith  tim e  to  be  m ea su red  a s  c a n  be  seen In 
th e  p lo ts  o f n o rm a l p re s s u re , fo r  e x a m p le , te s t 24 , F ig s . 3 .10  
a n d  3 .1 1 .
The te s ts  show ed d e f in i te  d i f f e r e n c e ^ '  be tw een f i l l i n g  a n d  
e m p ty in g  p re s s u re s  In  b o th  b ln  she pa s  :?and good ag ree m e n t 
be tw ee n succe ss ive  te s ts . I f  I t  Is  assum ed th a t th e  m ea sured  
p re s s u re s  a n d  s h e a r s tre s s e s  a re  a n  a c c u ra te  re f le c t io n  o f 
w h a t w o u ld  o c c u r In  a f u l l  s iz e  b ln  n o tw ith s ta n d in g  th e  
p o s s ib le  v a r ia t io n s  In tro d u c e d  b y  ih e  fa c to r s  a lr e a d y  
m e n tio n e d , I . e .  m e a s u r in g  s ys te m , b fn  f le x f b l f l t y ^  sc a le  e f fe c t ,  
th en  th e  v a r io u s  th e o rie s  ca n  be  r a te d  In  o rd e r  o f  th e i r  
goodness o f f i t ,  ta b le  6 .9 .
F o r f i l l i n g  th e  a c t iv e  s ta te  th e o ry  Is  a po o r f I f  becau se  th e  
w a ll  f r i c t io n  r e q u ir e d  Is  e x c e s s iv e . The r e s u lts  w ith  
fra m e w o rk s  a re  v a r ia b le ,  a n d  de p e n d  v e r y ' t ro u e h  op th e
a t te n t io n  g iv e n  to  c h o o s in g  s u i ta b le  ones-. T h is  fhe thod g iv e s  a 
c le a r  in s ig h t  in to  th e  g e n e ra t io n  o f fo rc e s  fo r  b p th  f i  I l in g  an d  
e m p ty in g . W a lk e r 's  th e o ry  fo r  f i l l i n g ,  w h ic h  a llo w s  ho s h e a r  
on v e r t ic a l  p la n e s  an d  d e te rm in e s  th e  h o r iz o n ta l s tre s s  to  ge t 
th e  c o r re c t w a l l  f r i c t io n  a n g le , g iv e s  good re s u lt s .  The f i t  o f 
th e  W a lk e r e m p ty in g  th e o ry  Is  d is a p p o in t in g  in  th e  b ln  sha pe s  
te s te d  h e re . I t  w i l l  p r o b a b ly  Im p ro ve  1f th e  w a lls  a re  s te e p e r. 
B o o th 's  u n a d ju s te d  p i le  th e o ry  does no t s a t is f y  th e  w a ll
f r i c t i o n  c o n d it io n  an d  g iv e s  p o o r r e s u lt s .  A d ju s te d  so th a t  th e  
h o r iz o n ta l s tre sse s  a re  In c re a s e d  th e  r e s u lt s  a re  good . I t  Is  a 
v e r s a t i le  th e o ry  th a t c a n  be  a p p l ie d  to  any sha pe b ln  fo r  
f i l l i n g  c o n d it io n s . E q u i l ib r iu m  o f fo rc e s  f o r  f i l l i n g  d e pe nd s  on 
th e  a ssu m p tio n  o f l in e a r ly  In c re a s in g  p re s s u re  on the
c e n tre l in e  a n d  on th e  Cho ice o f a s u ita b le  p re s s u re
d is t r ib u t io n  on th e  v e r t ic a l  w a l ls .  I t  Is  s lm p h  '^ n d  g iv e s  v e ry  
good re s u lt s .  The r a d ia l  s tre s s  f i e ld  w i th  l in e a r  o r  c u rv e d  
c u to f f  g iv e s  th e  best, r e s u lts  fo r  d is c h a rg e . Even s im p le r ' th e  
pse u d o  r a d ia l  s tre s s  f i e ld  w o rk s  v e r y  w e ll fo r  b ln  2.
In  c o n c lu s io n  th e re  a re  s e v e ra l s im p le  th e o rle r. w h ic h  p ro d u c e  
a n e p ta b le  r e s u lts  fo r  p r e d ic t in g  f i l l i n g  a n d  d is c h a rg e  
p re s s u re s  In  th e  shapes te s te d .
T "
7 .8  A x ls y m m e tr lc  an d  s q u a re  b in s
W a lk e r 's  th e o ry  an d  th e  r a d ia l  s tre s s  f ie ld  ca n  be e q u a l ly  
e a s i ly  a p p l ie d  to  a> ;lsym m e trlc  b in s .  T he fra m e w o rk  m ethod 
w o u ld  r e q u ir e  a th re e -d im e n s io n a l s l ic e ,  w h ic h  m ay p ro v e  
d i f f i c u l t ,  B o o th 's  p i le  th e o ry  w as o n ly  de ve lo pe d  In  
tw o -d lm e n L l. i s .  I t  sh o u ld  no t p r o v e . too  d i f f i c u l t  to e x te n d  I t  
to  th e  a x l-s y n n m e tr lc  case .
7 .9 .1  D isp la ce m e n t f ie ld s
T he d is p la c e m e n ts  an d  hence s t r a in  d is t r ib u t io n  c o u ld  be 
d e te rm in e d  u s in g  a s te re o -p h o to g ra m m e trfc  m ethod , T h is
w i l l  Im p ro ve  th e  fra m e w o rk  m o d e ll in g  an d  w i l l  show how th e  
c h a n g e  p ro p o g a le s  a t th e  s ta r t  o f  d is c h a rg e . P h o to g ra p h s  h a ve  
a lr e a d y  been ta k e n  th ro u g h  th e  g la s s  en d  w a l l .  M ovement w as 
seen b u t  no t a n a ly  ed o r  In c o rp o ra te d  In  th is  r e p o r t .  The
m ethod d e pe nd s  on th e  m ovem ents a t  th e  g la s s  b e in g  a tr u e  
r e f le c t lp n  o f w h a t h a pp en s  I n te r n a l ly .
7 .9 .2 .  D i f fe re n t shapes j
IT he p re s e n t a p p a ra tu s  a n  accom m oda te b ln  h a l f  a n g le s  o f 4jp° 
a n d  60° w i th  th e  v e r t ic a l  a s  w e ll a s  30 " o r  ah  a ssym m e tr ld p l 
b ln  w ith  th e  le f t  s id e  a t 45 " a n d  th e  r ig h t  s id e  a t 3 0 " .  ;
7 .9 .3  In te r n a l  p re s s u re  c e ll 3
I.An In te r n a l p re s s u re  c e l l ,  F ig  7.1 c a p a b le  o f  m e a s u r in g  thKse 
v i r t u a l l y  p e r p e n d ic u la r  p re s s u re s  c o u ld  be In tro d u c e d  fr<|m 
a b o v e . In  th is  w ay s tre sse s  c o u ld  be  m o n ito re d  on th e  c e n tre  
l in e .  T a k in g  m easurem ents a c ro s s  th e  b ln  w o u ld  show  thp 
e f fe c t o f  th e  en d  w a l l .  \
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F ig u re  7 .1  : In te r n a l  p re s s u re  c e l l
7.9.-4 D i f fe re n t m a te r ia ls
. ' /M a te r ia ls  w ith  d i f f e r e n t  d e n s it ie s ,  f r i c t io n  a n g le s , p a r t ic fe  
's i f t a .  a n d  o th e r  p r o p e r t ie s  c o u ld  be te s te d . S l ig h t  coh es io n  
cotyAd’ ere In tro d u c e d  b y  w e t t in g  th e  sa n d . A lth o u g h  th is  w o u ld  
b e i 'N e g lig ib le  in  s o il m ech an ics  te rm s i t  c o u ld  r e s u lt  in  
a p p re c ia b le  d if fe re n c e s  In  b in  p re s s u re s .
7 .9 , B ig g e r  b ln
A.-v 'er'y m uch la r g e r  b in  o f th e  same ge om e try  in  c ro ss  se c t io n  
,couI'd he  te s te d . A p a r t  fro m  g re a te r  a c c u ra c y  th e  e f fe c t o f 
s c p lt! w o u ld  be  seen. T he b in  s h o u ld  be tw ic e  as  w id e  
p r o p o rv io ra te ly  to  re d u ce  th e  e f fe c t o f end w a l ls .  A m e ch a n ica l 
h a n d lin g  system  w o u ld  be  a n e ce ss ity  f o r  ta k in g  th e  m a te ria l,-  
fro m  th e  b in  a n d  l i f t i n g  i t  up  to  th e  fe ed  h o p p e r . I t  m f  J 
h e lp  to s lo p e  th e  en d  w a lls  o u t from  top  to  bo ttom  s l i g h t l y  to  
red uce  end e f fe c t ,  in s e r ts  co u ld  be p la c e d  in  th e  b in  to
7-7
p ro d u c e  a th re e -d im e n s io n a l s i tu a t io n ,  fo r  e x a m p le  a s o - ja re  
c ro s s -s e c tio n  o r  a m u lt i- o u t le t  b o tto m .
7 .9 .6 .  im p ro v e d  w a il s tre s s  m ea surem en t
In d iv id u a l  p re s s u re  c e l ls ,  each one m e a s u r in g  n o rm a l an d  
s h e a r  s tre s s e s  w ou ld  be an  Im prove m en t a l lh o u g h  m ore 
e x p e n s iv e . T h e re  w i l l  th en  be c a r e fu l  s e a l in g  r e q u ir e d  so th a t 
th e  s h e a r  m ovem ent in  p a r t i c u la r  Is  n o t in h ib i te d ,  -StlfCrtess Is 
a ls o  im p o r ta n t to  p re v e n t fa ls e  r e a d in g s  fro m  a c e l l  th a t 
d e f le c ts  too  m uch , L o a d  c e l ls  s h o u ld  be  p la c e d  dow n the 
c e n tr e l in e  o f th e  b ln  to re d u ce  th e  end e f fe c t . :  In d iv id u a l  loa d  
c e l ls  w o u ld  n o t h a v e  th e  c r o s s - ta lk  e f fe c t o f  th e  p re s e n t 
m e a s u r in g  system  w h e re  th e  p re s s u re  on a g iv e n  p a n e l a f fe c ts  
those a d ja c e n t to i t .
_.7.S,?_ D y n a m ic  e ffe c ts
Some te s ts  c o u ld  be ru n  w ith  c o n tin u o u s  r e c o rd in g .  I f  th is  w as 
a r r a n g e d  o n  a l l  ch a n n e ls  i t  w o u ld  g iv e  a p re c is e  p ic tu r e  o f 
ch a n g e s  o c c u r r in g  a t th e  s ta r t  o f  d is c h a rg e  and show i f  an y  
s w itc h  p re s s u re s  d e ve lo pe d  an d  w h e th e r  th e re  w ere s ig n i f ic a n t  
d if fe re n c e s  be tw een f lo w  a n d  no f lo w  p re s s u re s .
7 .1 0  F u r th e r  m ethods o f a n a ly s is
7 .1 0 .1 . Use o f th e  com p ute r
As ca n  be  seen the  m ethods use d  in  th is  re p o r t  h a ve  been 
k e p t s im p le  w i th  no com p u te r In v o lv e m e n t r e a l ly  ne cessa ry  . By 
e m p lo y in g  th e  com p ute r I t  Is  p o s s ib le  to  e x p lo re  o th e r  m ore 
s o p h is t ic a te d  m ethods w h ic h  m ay o r  m ay no t y ie ld  b e tte r  
r e s u lt s .  T he a d v a n ta g e  w o u ld  be  a m ore fu n d a m e n ta l a p p ro a c h  
th a t  rem oves e m p ir ic is m .
7 .1 0 .2 . F ra m e w o rks  w ith  c u rv e d  s l ip  i in e s  1
I f  th e  fra m e w o rk  m em bers fo llo w  the  c u rv e d  s l ip  l in e s  a c t u a l ly  
p re s e n t v e r y  m uch b e tte r  r e s u lts  s h o u ld  be  o b ta in e d . A lth o u g h
?h , p r in c ip le s  a re  a s  s im p le  a s  fo r  fra m e w o rk s  w ith  s t r a ig h t  
K h e s , a n a ly s is  b y  h a n d  Is  too tim e  con sum ing  an d  p ro n e  to
F ig u re  7 .2 :
F ram ew ork
curved s l ip  Hi
radial X .
e r r o r s .  L o a d s  h a ve  to  be d e te rm in e d , d i f f e r e n t  fo r  .e ach  jo in t .  
E q u i l ib r iu m  a t  a jo in t  de p e n d s  on a u n iq u e  act o f  a n g le s  
be tw een th e  m em bers. An a n a ly s is  b y  com p u te r w i th  c u rv e d  
s l ip  l in e s  p ro d u c e d  d is a p p o in t in g  re s u lt s ,  F ig  7 .2 .
L a rg e  o s c i l la t io n s  w ere  p ro d u c e d , s h o w in g  no, d a m p in g  as 
w o u ld  b e  a n t ic ip a te d ,  u s in g  th e  scheme show n In  F ig  7 .3  th e re  
m ig h t be an Im p ro ve m e n t. The d if fe re n c e  be tw een th e  
fra m e w o rk  in  F ig  7 .2  a n d  th a t  in  F ig  7 .3  Is  th a t  in  the 
fo rm e r s p a c in g  down th e  w a l l  w as k e p t co n s ta n t w h i le  In  the 
la t te r ' ,  one s l ip  l in e  p ro d u c e s  a n o th e r  re f le c t in g  fro m  w a l l  an d  
c e n tr e l in e  down th e  b ln  r e d u c in g  the s p a c in g  to w a rd s  th e
T he s te ro -p h o to g ra m m e tr lc  m e th od  c o u ld  be used f i r s t  to  
d e te rm in e  th e  d ir e c t io n  o f th e  p r in c ip a l  s t r a in s  an d  hence s l ip
F ig u re  7 .3 : C u rv e d  s l ip  
l in e s  -  re d u c in g  s p a c in g
7 .1 0 .3  L im it  p la s t ic i t y  a p p ro a c h
The m ethod o f M roz an d  D re sch e r m en tion ed  In  c h a p te r  1
Is  p ro m is in g , F ig  7 .4 . As ca n  be seen th e  m a te r ia l Is  d iv id e d  
in to  r ig id  b lo c k s  fro m  w h ic h  a n  a p p ro x im a te  k in e m a t ic a l ly  
a d m is s ib le  v e lo c ity  f ie ld  is  c o n s tru c te d . U s in g  th e  C ou lom b law  
fo r  f r i c t io n  be tw een b lo c k s  an  e n e rg y  e q u a tio n  is  a p p l ie d '  
e i th e r  to th e  w h o le , o r  to a p a r t  to d e te rm in e  In te rm e d ia te  
p re s s u re s . The m ethod Is  e q u iv a le n t  to  th e  k in e m a tic  m ethod 
to r  a n a ly s in g  p la s t ic  c o lla p s e  o f fra m e w o rk s .
7.10.4 Method of characteristics
T he b a s is  o f  th e  m ethod Is  d e r iv e d  in  A p p e n d ix  t .  The 
e q u a tio n s  o f e q u i l ib r iu m  a n d  th e  M o h r C ou lom b law  p ro v id e  
s u f f ic ie n t  e q u a t io n s  fo r  th e  th re e  s tre s s e s  ^ , o , 
w ith o u t  re fe re n c e  to  th e  s t r a in s .  T he o n ly  re q u ire m e n t o f  th e  
s t r a in  Is  th a t  th e y  m ust be la rg e  en ou gh  fo r  s l ip  to  d e v e lo p .
F ig u r e  7 .4  : L im i t  p la s t ic i t y  a p p ro a c h  fro m  re fe re n c e  (24)
T he s o lu t io n ,  h o w e v e r, Is  no t as s im p le  a s  I t  seems a t  th is  
s ta g e  a n d  th e  e q u a tio n s  a re  r e a r ra n g e d  fo r  s o lu t io n  a lo n g  the  
s ) | d  l in e s  w h ic h  c o in c id e  w ith  th e  m a th e m a tic a l ly  d e fin e d  
c h a r a c te r is t ic s .  F ig s  7 .5  an d  7 .6  show r e s u lts  o b ta in e d  by 
H orne a n d  N edderm an f< b in s  o f h a l f  a n g le s  10e an d
40" fo r  d is c h a rg e  w ith  a fre e  s u r fa c e  th a t  Is  h o r iz o n ta l .  As
ca n  be seen th e re  a r e  re g io n a l s tre s s  f ie ld s  s e p a ra te d  by  
d is c o n t in u i t ie s .  T he r e s u lt in g  p re s s u re  on th e  w e l l  o s c i l la te s  
a b o u t th e  r a d ia l  s tre s s  f ie ld  p re s s s u re . T he s o lu t io n  p ro ce e d s  
fro m  th e  s u r fa c e  a n d  th e  d is c o n t in u it ie s  s ta r t  a t  th e  ju n c t io n  
o f w a ll  a n d  fre e  s u r fa c e . C o n ve rse ly  as th e  r a d ia l  s tre s s  f ie ld
F ig u re  7 .5  :
P a tte rn  o f
c h a ra c te r is t iC e  
an d "  f
d is c o n t in u f t i# .  |  
an  e m p ty in g '
h o p p e r  w ith  w a ll 
s tre s s e s  p lo tte d  
a lo n g s id e  fo r  ' i  -
-t - 6 w- = :-.|(r 
\  6 = 30°
* W - 2 5 °
fro m  re fe re n ce
(39)
h a s  o n ly  one s tre s s  f ie ld  i t  ha s  no o s c l I t a t lo r f 'x c a u s e d  by  
d is c o n t in u i t ie s .  The m ethod o f c h a r a c te r is t ic s  p ro d u ce s  good(i 
r e s u lts  b u t  Is  d i f f i c u l t  to  a p p ly  b e cau se  o f the 
d is c o n t in u i t ie s .
7 .1 0 .5  F in i te  e le m e n t m ethod k
The f i n i t e  e lem ent m ethod ca n  accom m odate d i f f e r e n t  b o u n d a ry  
c o n d it io n s  an d  can  e a s i ly  be  a p p l ie d  to  th re e -d im e n s io n a l 
ca se s . A tim e s te p p in g  a p p ro a c h  Is  n e ce ssa ry  to  go from
b i l l in g  to  e m p ty in g  c o n d it io n s . T h is  r e q u ir e s  a s o p h is t ic a te d  
v is c o - p la s t ic  c o n s t i tu t iv e  la w  e n d  th e re fo re  i t  Is  v e ry  d l f f f c u f t  
to  p ro d u c e  a p ro g ra m . H & u ss le r  a n d  E ib f h a v e  ha d
re m a rk a b le  success d e v e lo p in g  su ch  a  p ro g ra m  an d  g iv e  
r e s u lt s  fo r  a t a l f  s l io  th a t loo k  g o o d . T he m ethod m ay re q u ir e  
a la r g e  am o un t o f co m p u te r  t im e , e s p e c ia l ly  fo r
th re e -d im e n s io n s .
F ig u re  7 .6  :
P a tte rn  o f w a l l
s tresse s  fo r  :
e w = 40°
W /  ; °W 6 = 30°
*w  = 20°
from  re fe re n c e
____  (39)
7.11 C o n c lu s io n s  an d  sum m ary
I t  Is  n o t ea sy  to  m easure w a l l  p re s s u re s  In  a b ln  r e a l ly  w e ll .  
The m e th od  use d  he re  w as s im p le  a n d  In e x p e n s iv e  a n d . y ie ld e d  
re a s o n a b ly  c o n s ls te n i a n d  b e l ie v a b le  re s u lt s .
T he th e o r ie s  chosen to  c a lc u la te  w a l l  p re s s u re s  w ere  d iv id e d ,  
in to  those fo r  f i l l i n g  p re s s u re s  an d  th o se  fo r  e m p ty in g . They 
w ere  a l l  s lm p lw  fo rm u la s  th a t d id  n o t r e q u ire  a co m p u te r, 
a lth o u g h  a com p u te r w as used tn  some cases.
A g re em e n t be tw een th e o rie s  a n d  e x p e r im e n t w as f a i r l y  good f o r  
th e  b e s t th e o r ie s , fo r  b o th  shapes o f b in .
T he s w itc h  p re s s u re  co u ld  n o t be d e te c te d , an d  In s te a d  a 
r a p id  c h a n g e  o v e r  th e  w ho le  w a ll  fro m  f i l l i n g  to  e m p ty in g
p re s s u re s  o c c u r re d .
M ore s o p h is t ic a te d  m ethods o f c a lc u la t in g  p re ssu re s , a re  
c o m p lic a te d  a n d  need co m p u te rs . They a re  s t i l l  a t  an  e a r ly  




The su m m a r ised  v a lu e s  a re  g iv e n  In  ta b le  2,1 a n d  ta b le  
TABLE A1 P ro p e r t ie s  o f Send
D e n s ity  loose 1,593 g /c c
dense 1,75? g /c c
In te r n a l  f r i c t i o n  a n g le  6 = 3 3 ,6 -
W a ll f r i c t io n  a n g le  ( s te e l)
fro m  t r i a x l a l  = 20 ,1 °
fro m  s h e a rb o x  $w = 18,8°
W a ll f r ic t io n  a n g le  (g la s s )
from  s h e a rb o x  »w « 9 , 16
A n g le  o f rep ose  s » 3 t ,0 °
A . ) In te r n a l  f/ 'J c l lo n  a n g le  6
The r e a d in g s  a re  g iv e n  In  ta b le  A2 w h e re  v a lu e s  a re  
c a lc u la te d .  F ig  A1 show s th e  M B h r 's  c irc le s  w h ic h  y ie ld  
a v a lu e  o f e f fe c t iv e  f r ic t io n  a n g le  6 = 34 °. 6 Is  c a lc u la te d ,- ; .  
F ig  A2, a c c o rd in g  to  th e  fo rm u la :
fo r  ea ch  te s t, and an  a v e ra g e  w e ig h te d  p r o p o r t io n a te ly  to 
Is  p ro d u c e d  ..In ta b le  A3. The c a lc u la te d  v a lu e  o f 
6 = 33 ,6  w as p r e fe r r e d  a s  m ore a c c u ra te  th a n  th e  v a lu e  
o f 3 4 ,2  from  th e  g r a p h .  '
F fg u re  A2
Calculation of 6

F ig u re  A1 : In te r n a l  f r i c t io n  a n g le  6
TABLE A2 R e a d in g s  a n d  v a lu e s  o f o , -  In te r n a l f r i c t io n  a n g le  
P ro v in g  r in g  c a l ib r a t io n  = 1,302 k P a /d lv
25 75 100
W e ig h t gm 123,7 123,8  . 126,4 126,0
S ize mm x  mm $ 62 X 38 62 x  38 64 x 38 64 X 38
D e n s ity  g /c c 1,760 1,7615 i',7 42 5 1,737
D e fle c tio n  0,01 mm 500 500 500 500
1/ ( 1 -  e j 1,0061 1,0081 1,0079 1,0079
C t - %  k Pa 64 ,3 127,3 179,8 257,2
o, kPa 89 ,3 177,3 254,8 357,2
TABLE A3 C a lc u la t io n  o f In te r n a l  F r ic t io n  A n g le  
6 *  as 'ln [ (  q -  o, ) / {  q+ c , ) ]
kP a kP a kP a * kP a  *
s lnS «■
89 ,3 25 64,3 114,3 0,5626 34,23
177,3 50 127,3 227,3 0,5601 34,06
254,8 75 179,6 329,8 0,5452 33,04
357,2 ,0 0 . 257,2 457,2 0,5626 34,23
Weighted Average 8 .  * 34,23x100
e * .
0 2 ^ , 75x10 ,2 0  + 10Q .«20,M
S h e a rb o x  te s t
to  m ake th e  100mm x  100mm x  3mm s te e l p la te  f lu s h  w ith  
th e  to p  o f the low e r  h a l f ,  F ig .  A . T he top h a l f  w as p o s i­
t io n e d  w ith  the  l i f t i n g  sc rew s  h o ld in g  i t  up  b y  a p p ro x im a te ly
•steel or glass plate
• 1 0 0
liftin g  screwIigning
Plan
FIGURE A 6 : S h e a rb o x  te s t fo r  s a n d -s te e l and 
s a n d -g la s s  f r ic t io n
2mm. S and w as p o u re d  in ,  le v e l le d  o f f  an d  tam ped a f te r  
w h ic h  th e  r ib b e d  p la te ,  lo a d in g  p la te ,  b a l l  b e a r in g  an d  
v e r t ic a l  lo a d  w ere p o s it io n .  T he l i f t i n g  screw s w ere  sc rew ed  
up  an d  th e  a l ig n in g  sc rew s  w ere  rem oved b e fo re  com m encing 
th e  te s t.  The te s t w as c a r r ie d  o u t a t  a speed o f AOmm /hour
In  th e  f i r s t  te s t a m ed ium  em ery p a p e r  w as  use d  on th e  
s ie e l p la te  In  th e  d ir e c t io n  o f s h e a r in g . T he r e s u lt s  a re  
show n in  ta b le  A5. T he s lop e  ( ta n  <tw ) o f  th e  g ra p h  w as 
fo u n d  b y  le a s t s q u a re s . In  th e  second te s t,  ta b le  A 6 , th e
d ic u la r  to  th e  d ir e c t io n  o f s h e a r in g . The r e s u lts  a re  p lo t te d  
in  F ig .  A?.
A .4 W ail f r i c t i o n  a n g le  S and on g la s s
S h ea rb ox  tes t
A WOmm x  ]00mm  x  3mm p ie ce  o f c le a r  w in d o w  g la s s  w as 
u se d . The same te s t p ro c e d u re  a s  in  se c t io n  A .3 w as  fo llo w e d . 
T he r e s u lts  a re  show n in  ta b le  A7. T he r e s u lts  a re  p lo t te d
F T
FIGURE A7 Sh ea rb ox te s ts  to
TV,3LE A5: Shearbox test results for sand-steel friction
angle. Plate sanded p ara lle l to direction of shearing.
6h H o r iz o n ta l loa d , d iv is io n s  (1 > d iv  = 1,397 N)v e r t ic a l s tre s s  ( ° v  k P * ' o f:
. mm 5,27 7 ,40 9,90 12,40 14,90 17,40 19,90
0 0 0 0
3 5 ' 7 ,9 11,0 12,0 15,5 16,0 , 6 ,0
' 50 9 ,0 9 ,0 17,0 19,0 24,0 24,8 3 2 ,8
75 9 ,0 10,0 18,6 22,0 27,5 28,9 3 7 ,0
100 10,1 13.2 18,2 2 3 ,0 . 27 ,5 31 ,4  . • .3 6 ^
125 10,0 13,1 19.6 20,9 27,6 32 ,6 38 ,0
9 ,9 12,8 19,6 22,0 27,2 32,4 38 ,3
175 10,0 12,9 ,1 9 ,2 21,9 27,5 32,4 38 ,3
200 10,0 11,2 19,6 21 ,2 27 ,2 3 3 ,0 ’ ■ 3 8 ,9
225 9 ,7 11,1 19,6 24 ,0 28 ,7 3 3 ,2 3 9 ,0  !
9 ,3 - 12,9 19,2 25 ,0 30 ,0 33,4 3 9 ,0  ;
275 10,0 12,0 16,4 22 ,2 30 ,0 33,6 39 ,0
300 2 M 11,2 19j1 22 ,5 29 ,0 33,9 38 ,9  ,
325 28 ,2
350 28 ,2
,-K P = 1,511 1,831 2,716 3,467 4,161 4,702 5,409
L e a s t s q u a re s  t ' = - 0 ,0 1  + 0,2?A2 oy
0^  = a ta n (0 ,2 7 4 2 )  = 15 .33°
C o r re la t io n  c o e ff ic ie n t 0,9977
Note : U n d e r lin e d  v a lu e s  w ere  used
TABLE A6 : Shearbox test results for sand-steel friction
angle. Plate sanded normal to direction of shearing.
0,01 5 ,27
H o r lz o n t
fo r
7 ,4 0
v e r t ic a l
9 ,9 0
d iv is lo
12,40
s (T d i 
®v kP a ) 





2& U ,0 8 ,5 13,5 9 ,0 16,0 15,0 16,0
14,5 13 ,0 10,7 26 ,9 30,0 3 1 ,0 38 ,0
75 14,'b 15,2 24 ,8 30,6 31,4 35 ,2 45,5
100 14,8 17 ,2 " 25 ,0 32,1 32 ,0 41,1 ‘ * 9 ,6 .
14,8 17,8 * 24 ,8 32,0 33 .5 42 ,0 49 ,6
16 ,9 18,9 24 ,2 32,0 3 4 .4 4 2 ,9 49 ,8
175 16,2 19,4 23 ,9 32,1 4 3 ,8 49 ,9
200 19,2 2 3 ,8 32,1 33 ,9 ,4 4 ,1 48 ,9
225 15 ,8 19,2 24 ,2 32,9 3 4 ,0 44 ,4 49 ,6
250 15,5 18,8 24 ,8 33,2 35 ,2 45 ,0 49 ,5
275 15,7 IB ,8 24 ,8 33,2 38 ,0 4 5 ,0 50 ,2
325
15,7 18,9 25 ,2 3 L 2 38,6
39,2
4 5 ,0 5 0 ^
, k P , 2,23 2,71 3 ,5 2 4,64 5,48  " 6 ,29 7,01
L e a s t squ a re s 0,310 + 0,3408
ow = a ta n {0 ,3 4 0 8 ) = 18 ,62°
N ote : U n d e r lin e d  v a lu e s  w ere  used
TABLE A7: S h ea rb ox  te s t r e s u lts  f o r  s a n d -g la s s  f r ic t io n
0,01
H o r iz o n ta l lo a d , d iv is io n s  (1 d !v  = 
fo r  v e r t ic a l  s tre s s  (g  kP a )
1,397 N) 
o f :
. 5 ,27 7,40 9,30 12.40 14,90 '1 7 ,4 0  . 19.90
0 0 0 0 0 0 0
1,8 7 ,0 6 ,9 9 ,0 11,0 16,0- 9,;9
2 ,9 7 ,6 8 ,8 10,5 11 ,6 23,0 10,'8
75 2 ,9 7 ,8 9 ,4 11,2 14 ,0 23,8 19 ,2
100 3 ,2 7 ,6 9 ,5 11,6 14,0 24,0 20 ,0
125 6 ,8 •9,1 11,9 13,2 20,2 20 ,9
3 ,8 6 ,8 9 ,2 11,8 13 ,9 20,1 21 ,0
175 3 ,7 5 ,2 8 ,6 11,4 14,0 20,1 21 ,5
200 3 ,6 5 ,0 9 ,2 12,0 13,9 19,9 21 ,9
225 3 ,8 4 ,9 9 ,4 11,0 14,9 18,0 21 ,9
250 3 ,5 4 ,7 10,5 11,6 15,0 17,9 21 ,9
275 3 ,8 4 ,8 10,4 $1,6 15,0 17,9 21K ,
300 4 ,9 11,9 15,1 H i® 2 2 .0  ll
t  kP a ,53 1,09 1,46 1,68 2,11 2,50 3,07
L e a s t sq u a re s t = 0 ,2 2  4- 0 , 1 ^ 5  o v
ow = a ta n (0 ,!6 Q S } .=  9 ,12 ° 
C o r re la t io n  c o e f f ic ie n t  = 0,99
Note : U n d e r lin e d  v a lu e s  w ere  used
Author  Hofmeyr Andrew Gordon Schreiner  
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